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Abstract: A substantial number of dwellings in the UK have poor building fabric, leading to higher 10 

carbon emissions, fuel expenses, and the risk of cold homes. To tackle these challenges, domestic 11 

energy efficiency policies are being implemented. One effective approach is the use of energy mod- 12 

els, which enable sensitivity analysis to provide valuable insights for policymakers. This study em- 13 

ployed dynamic thermal simulation models for 32 housing archetypes representative of solid walled 14 

homes in the UK, to calculate heat loss and sensitivity coefficient per building fabric feature, after 15 

which a metric Heat Loss Sensitivity (HLS) index was established to guide the selection of retrofit 16 

features for each archetype. The building fabric features’ inputs were then adjusted to establish both 17 

lower and upper bounds, simulating low and high performance levels, to predict the how space 18 

heating energy demand varies. The analysis was extended by replicating the process with various 19 

scenarios considering climates, window to wall ratios and overshadowing. Findings highlight the 20 

external wall as the primary consideration in retrofitting due to its high HLS index, even at high 21 

window to wall ratios. It was also established that dwelling type is important in retrofit decision 22 

making with floor and loft retrofits having high HLS index in bungalows. Furthermore, the analysis 23 

underlines the necessity for Standard Assessment Procedure assessors to evaluate loft U-value and 24 

air permeability rates prior to implementing retrofit measures, given the significance of these factors 25 

in the lower and upper bounds analysis. Researchers globally can replicate the HLS index approach, 26 

facilitating the implementation of housing retrofit policies worldwide. 27 
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Standard Assessment Procedure  29 

 30 

1. Introduction 31 

The residential sector was responsible for around 15% of all Greenhouse Gas emis- 32 

sions in the UK in 2019 [1], with space heating thought to be responsible for around 65% 33 

of domestic fuel use [2]. In 2020, the UK Government published a Ten Point Plan for a 34 

Green Industrial Revolution which laid out aspirations for low carbon buildings and spe- 35 

cifically improving the energy efficiency of existing homes [3]. This is particularly signif- 36 

icant for low-carbon retrofit as 85% of the UK’s existing housing stock will be in use in 37 

2050 [4-8]. Energy Performance Certificates (EPC) measure the energy efficiency of homes 38 

on a scale of A to G, and the Government’s Clean Growth Strategy set the target that all 39 

homes, where practical, should be retrofitted to achieve an EPC rating of Band C by 2035 40 

[9] as part of a broader target to achieve a net-zero economy by 2050 [10]. Currently, 60%, 41 

or 14 million dwellings, in England and Wales do not meet this standard; around 40% are 42 

Band D, 16% are Band E, 4% are Band F, and 1% Band G; meaning there are over 1 million 43 

homes in the lowest two categories [11]. Solid walled dwellings are much more likely to 44 

be in EPC bands D and below, and occupants in solid wall, as opposed to cavity wall, 45 
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dwellings are almost twice as likely to be in fuel poverty [12]. It is therefore important that 46 

solid walled homes are upgraded at scale. 47 

Several policy levers to encourage the retrofitting of homes exist, cumulatively worth 48 

over £2 billion per annum, though these are predominantly designed to alleviate fuel pov- 49 

erty, rather than addressing EPC or zero carbon targets [13]. The Energy Company Obli- 50 

gation (ECO) is the most significant of the government’s energy-saving initiatives, having 51 

retrofitted 2.4 million homes in the last eight years. However, these retrofits did not al- 52 

ways result in EPC C bands being achieved, emphasised by approximately 15% of ECO 53 

retrofits are now taking place in homes that were previously retrofitted under the scheme 54 

[14]. If these trends in the delivery and success of retrofit projects continues, the UK Gov- 55 

ernment will fall short of its 2035 target for all homes to have an EPC of Band C. In this 56 

context, there is an urgent need to understand which retrofit measures can maximise car- 57 

bon savings in the domestic sector, and especially in solid wall homes.  58 

The range of retrofit measures being installed in homes is currently quite limited. The 59 

following shows in percentage in ECO installations that are most frequently installed: 60 

heating controls (37%), new boilers (25%), cavity wall insulation (13%), loft insulation 61 

(9%), other insulation (mostly ground floor) (13%) and finally solid wall insulation (3%) 62 

[14]. The most common retrofits are among the least effective at improving the energy 63 

efficiency (and therefore EPC band) of homes. For example, heating controls can in some 64 

instances not reduce fuel use at all, due to comfort taking priority [15]. Retrofit of new 65 

boilers, cavity wall insulation and loft insulation may only reduce fuel bills by only 5%, 66 

9% and 4% respectively [15]. Solid wall insulation, which is installed less often, is by far 67 

the most effective as it can reduce bills by a median of 18% [16]. There may therefore be a 68 

need for more guidance to support fiscal decision-making to achieve a broader and more 69 

effective range of retrofits, and better data are needed to direct policy regarding what to 70 

target to achieve the greatest impact. 71 

The Standard Assessment Procedure (SAP), a method introduced by the UK govern- 72 

ment for assessing a home's energy performance, is used to generate an Energy Perfor- 73 

mance Certificate (EPC) [17]. This certificate is an asset rating tool used to compare the 74 

relative performance of buildings against one another, assuming standardised occupancy 75 

and operating schedule assumptions. More recently it has been used to report the antici- 76 

pated fuel bill reductions achieved by retrofits for individual homes [18]. For existing 77 

buildings, a reduced data version of SAP (RdSAP) is used, employing simplified inputs 78 

and fixed assumptions since details on the building fabric are often not known. When 79 

modelling retrofits, RdSAP calculates the reduction in heat loss due to the improvements 80 

to the fabric that are made, by comparing outputs for a dwelling pre- and post-retrofit 81 

[19]. This reduction is influenced by multiple factors, for example, the impact of solid wall 82 

insulation will vary depending on the area of external walls, party walls, and windows 83 

and doors as a proportion of the total heat loss area as well as the level of existing and 84 

proposed insulation [20]. Thus, there is uncertainty associated with the predicted reduc- 85 

tion in fuel bills that may be achieved by insulating homes and the extent to which the 86 

simplified assumptions capture the specific characteristics of a home. 87 

Sensitivity analysis is used to identify key input parameters that significantly impact 88 

model outcomes [21-29]. It has been applied to factors like occupancy data [21- 89 

23,25,28,29], building geometry [23-25,28], construction details [21,22,24-27], and heating 90 

and ventilation [21,24-26,29]. This method assists in prioritising these parameters, allow- 91 

ing engineers and decision-makers in focusing on critical aspects that influence the overall 92 

performance of a building. Yet, previous studies often use sensitivity analysis for research 93 

purposes only, lacking a clear methodology to use this tool for guiding retrofit policy de- 94 

cisions. 95 

Differential sensitivity analysis is a technique used to identify which inputs have the 96 

greatest impact on a desired output [30]. The technique involves running multiple simu- 97 

lations with different input values, and then comparing the results to identify the input 98 

values that had the biggest impact on the outcome. The SAP categorises the UK housing 99 
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stock into twelve age bands, from buildings constructed before 1900 (Band A) to those 100 

built in 2012 or later (Band L). Previous studies often evaluate the sensitivities of UK 101 

dwellings across all SAP age bands and apply the uncertainty analysis, which is typically 102 

generalised to all SAP age bands, to their building physics models [31-34]. For example, a 103 

study found that when all five parameters were varied together, the resulting range in 104 

annual emissions for the home was between 5,523 and 6,804 kgCO2 [34]. Although these 105 

studies are helpful, they do not rank or compare the uncertainties of individual input pa- 106 

rameters. Such an analysis would have assisted SAP assessors in identifying where more 107 

precise measurements could improve model efficacy. Additionally, previous studies did 108 

not analyse or compare the uncertainty across different house archetypes. It is possible 109 

that certain archetypes possess a higher degree of uncertainty related to specific charac- 110 

teristics than others. Thus, this paper undertakes differential sensitivity analyses using 111 

Dynamic Thermal Simulation (DTS) models for the 32 most common solid wall dwelling 112 

archetypes in the UK [35]. For this study, DTS models were use instead of SAP. The soft- 113 

ware used was DesignBuilder DTS, which in turn uses EnergyPlus as its physics engine. 114 

As it is open-source, EnergyPlus files can easily be used in the examination and recreation 115 

of models by other researchers and practitioners. This type of DTS modelling also pro- 116 

vides a high level of control over input variables, allowing them to be altered quickly and 117 

precisely. 118 

This research introduces a Heat Loss Sensitivity (HLS) index and conducts an analy- 119 

sis of lower and upper bounds for 32 solid wall dwelling archetypes, constructed pre-1949 120 

in the UK. The analysis is then replicated under varying conditions, including climate, 121 

window to wall ratios, and overshadowing scenarios. The HLS index, derived from the 122 

annual heat loss multiplied by the sensitivity coefficient, helps prioritise different building 123 

fabric features in retrofit design for each solid wall dwelling archetype. This aids in stra- 124 

tegic decision making regarding the most effective retrofit options for achieving signifi- 125 

cant energy savings. Furthermore, the lower and upper bounds analysis assesses the per- 126 

centage change in space heating energy demand by adjusting each building fabric features 127 

within the specified lower and upper bounds outlined in this study, compared to the base- 128 

line. This metric aids SAP assessors in prioritising the collection of key input data for each 129 

solid wall dwelling archetype. Therefore, this study contributes to knowledge by offering 130 

a tool that facilitates impactful, data-driven policy decisions for solid wall dwellings in 131 

the UK. The tool can be replicated by researchers worldwide, aiding in the implementa- 132 

tion of housing retrofit policies on a global scale. 133 

2. Materials and Methods 134 

2.1. Overview 135 

The methodology used in this study is summarised in Figure 1. To begin, 32 DTS 136 

archetype models were developed to determine heat loss (in kWh/year) attributable to 137 

each of the five main building fabric features: external wall, loft, window, ground floor 138 

and air permeability. Afterwards, a Sensitivity Coefficient (SC) was calculated for each 139 

archetype's building fabric feature by running multiple simulation tests. The SC quantifies 140 

the variation in heating energy demand across a specific fabric element when the thermal 141 

performance is altered. To determine which building fabric measure to retrofit for each 142 

archetype, a metric Heat Loss Sensitivity (HLS) index was created. The HLS index quan- 143 

tifies which fabric makes the biggest difference to whole house energy use when it is im- 144 

proved. Then, each building fabric feature was modified to an upper and lower bound 145 

respectively, and the space heating energy demand was predicted. To further the analysis, 146 

the above-mentioned process was repeated with dwellings with different scenarios, for 147 

climate, window to wall ratio (WWR) and overshadowing. 148 
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 149 

Figure 1. Summary of the methodology used in this study. 150 

2.2. Development of DTS archetype models 151 

DesignBuilder (v7.0.0.116), incorporating EnergyPlus (v9.2) as its physics-engine, 152 

was used to develop the DTS models. The models use Typical Meteorological Year (TMY) 153 

for Leeds [36]. SAP benchmarked climate data in the UK to 21 regions and Leeds belongs 154 

to East Pennines, other regions are also tested and discussed in Section 2.5. Macro-level 155 

model inputs (floor area and the number of bedrooms) were taken from the BRE report 156 

“ECO3 Deemed Scores Methodology” which was previously used as a proxy to represent 157 

the UK housing stock [35]. Accordingly, 32 building archetypes were developed made up 158 

of: nine house types (mid-terrace house, end-terrace house, semi-detached house, de- 159 

tached house, semi-detached/end-terrace bungalow, mid-terrace bungalow, detached 160 

bungalow, one-storey flat and multi-storey flat), and different numbers of bedrooms (one 161 

to five). The deemed score methodology used average geometric characteristics of all 162 

dwellings in the UK housing stock were used to calculate the type and size of archetype 163 

dwellings. Whilst the UK housing stock in heterogenous in nature, these approximations 164 

provide reasonable estimates of savings for indicative dwellings of each archetype within 165 

the stock (Table 1). 166 

Table 1. Characteristics of the 32 dwelling archetypes [35]. 167 

Dwelling Type No. of bedrooms Mean total floor area (m2) 

Type 1: Mid-terrace House 

1 51.0 

2 69.4 

3 88.4 

4 127.8 

5 180.5 

Type 2: End-terrace House  

1 51.0 

2 69.4 

3 88.4 

4 127.8 

5 180.5 

Type 3: Semi-detached 

House 

2 72.5 

3 89.2 

4 134.6 

5 191.4 

Type 4: Detached House 

2 99.7 

3 115.7 

4 154.9 

5 228.7 

6 320.2 
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Type 5: Semi-detached or 

End-terrace Bungalow 

1 45.7 

2 58.9 

3 87.1 

Type 6: Mid-terrace Bunga-

low 

1 45.7 

2 58.9 

3 87.1 

Type 7: Detached Bungalow 
2 75.9 

3 111.9 

Type 8: Flat, one storey  

1 45.7 

2 65.6 

3 86.5 

Type 9: Flat, multi-storey – 

i.e., maisonettes  

2 73.8 

3 100.7 

 168 

The layout of the DTS archetype models is presented in Figure 2. This study assumed 169 

that houses have two stories with a pitched roof, and bungalows have one storey with a 170 

pitched roof. Furthermore, it was assumed that houses and bungalows always had an 171 

unoccupied roof, and the flats are located on the middle floor. 172 
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 173 

Figure 2. a) Floor plan and b) DTS models of three-bedroom building archetype for different dwell- 174 
ing types. 175 

All archetypes are built pre-1949 (SAP age band A to C) and have the same construc- 176 

tion, and the construction details are summarised in Table 2. All party walls, floors and 177 

ceilings where there are neighbouring dwellings are treated as adiabatic as it is assumed 178 

that occupancy patterns will be similar to the archetypes, and there is no conductive heat 179 

exchange through party walls. The party wall of end-terrace and semi-detached houses is 180 

designed to face north, reducing the difference in solar gain. This assumes that all external 181 

walls have the same WWR, which makes the impact of orientation less significant. The 182 

occupancy patterns and internal heat gain schedules were specified using the National 183 

Calculation Method (NCM), which defines model inputs for regulatory compliance cal- 184 

culation in the UK for non-domestic buildings; it does however include schedules for do- 185 

mestic spaces as these can be included in large mixed-use buildings [37]. In addition, lin- 186 

ear thermal bridges at junctions were considered, the values are based on SAP appendix 187 

K values in lieu of any available defaults for legacy solid wall dwellings. Also, the floor to 188 

ceiling height was assumed to be 2.5 m, which was the average from other field studies 189 

[38] and a WWR of 15% was assumed, it aligns with those calculated following SAP con- 190 

ventions and findings from field studies [38].  191 
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Zoning was performed according to the SAP, where the living area fraction is calcu- 192 

lated by taking into consideration the number of habitable rooms. For instance, a three- 193 

bedroom semi-detached house with five total inhabitable rooms (kitchen, lounge and 194 

three bedrooms) would yield a living area fraction value of 0.3. The total floor area for this 195 

archetype is 89.2 m2, with 18.7 m2 allocated to the lounge area. The ground floor has been 196 

separated into two zones - a lounge (18.7 m2) and a kitchen (25.9 m2). Further, the first 197 

floor was assumed to be a single zone with three bedrooms and a bathroom totalling 44.6 198 

m2 in size. 199 

For the lounge, the heating set-point was assumed to be 21°C. For kitchen, bedroom 200 

and bathroom, SAP's equation was employed to calculate the heating set-point, which is 201 

21 – 0.5*HLP (Heat Loss Parameter). Previous field studies identified this parameter 202 

ranges between 2 to 4 [38] , thus an average value of 3 was assumed, resulting in a set- 203 

point temperature of 19.5°C. Occupancy and internal heat gains from lighting and equip- 204 

ment were determined using SAP calculations. For instance, a three-bedroom semi-de- 205 

tached house had 2.69 people equivalent of occupant heat gain, as well as 4.45 W/m2 of 206 

internal heat gain in the living room and bedroom areas, with 10.98 W/m2 found in the 207 

kitchen area specifically. 208 

Ground temperature in DesignBuilder is assumed to be 18°C as default for large non- 209 

domestic buildings. However, the ground temperature underneath dwellings is different 210 

from large non-domestic buildings, and can be considered to be somewhere between the 211 

undisturbed ground temperature and the average internal temperature of the dwelling 212 

[36]. Thus, the monthly ground temperature was calculated by calculating the monthly 213 

average of undisturbed ground temperature for the UK using MIDAS data from the Met 214 

Office for over 100 UK sites [39]. The monthly average under-dwelling ground tempera- 215 

ture was then calculated by taking an average of the mean undisturbed ground tempera- 216 

ture and internal dwelling temperature. The average internal temperature is taken from a 217 

model following heating schedules designed to mimic those cited in SAP, albeit at an 218 

hourly resolution.  219 

Table 2: Summary of modelling assumptions of the deemed score archetype DTS models.  220 

Building element  Value Justification  

External wall U-value = 1.7 W/m2K  Solid brick wall with thickness < 330mm [40] 

Roof U-value = 2.3 W/m2K  Slates or tiles without insulation at joist [41] 

Loft 
U-value = 0.527 

W/m2K 

12.5mm plasterboard internally + 100mm min-

eral wool, assuming the repeat bridging from 

the wooden joists was 30% of the area 

Window 
U-value = 2.8 W/m2K, 

g-value = 0.76 

Double-glazed unit with a 12mm PVC frame 

[41] 

Ground floor U-value = 1.2 W/m2K 
Suspended timber floor without insulation 

[41]. 

Air permeability 
Air Permeability rate 

= 12 m3/hm2@50Pa 

Average for dwellings built prior to 1920 ac-

cording to BRE database of air leakage rate in 

UK dwellings [42]  

Natural ventilation 

rate 

Ventilation rate = 2 

ach-1 when >24°C 

National Calculation Methodology (NCM) 

[37] 

Heating set-point 

Kitchen, Bathroom 

and bedroom 

(19.5°C), Lounge 

(21°C) 

SAP [41] 

Heat gains 
Varies according to 

archetype  
SAP [41] 
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Lighting heat gain 
4.6 W/m2 lux, assume 

300 lux with controls  
NCM [37] 

2.3. Development of a metric to evaluate fabric sensitivity 221 

Differential sensitivity analysis was carried out to assess the impact of variations aris- 222 

ing from modelling assumptions. It is widely used as it directly investigates the changes 223 

that different input variables will have upon the output variables. Repeated simulations 224 

are performed by changing a different input variable each time to determine the individ- 225 

ual effects of all the input changes (Equation 1).  226 

∆𝑃𝑖 = 𝑃𝑖 − 𝑃𝐵, (1) 

where 𝑃𝑖  is the predicted output using modified value of input i, and 𝑃𝐵  is the pre- 227 

dicted output using base-case inputs, and ∆Pi refers to the individual effect of each input 228 

variation. 229 

The Sensitivity Coefficient (SC) can be determined from the slope of the straight re- 230 

gression line for the data. If more perturbations are used in the analysis for each input 231 

variable, a more accurate estimate of the SC can be obtained because there are more data 232 

points to calculate the regression line. The correlation between the output and input var- 233 

iable is predicted, as the sensitivity will vary from point to point if not a linear function. 234 

To determine the slope of the regression line, the SC shows how sensitive the investigated 235 

building fabric is to the change. The SC is a dimensionless value, and its calculation is 236 

illustrated in equation 2.  237 

𝑆𝐶 =
∆𝑂𝑃 (𝑂𝑃𝐵)⁄

∆𝐼𝑃 (𝐼𝑃𝐵)⁄
, (2) 

where SC is the Sensitivity Coefficient; ΔIP, ΔOP are the changes in input and output; 238 

IPB is the base case of input; and OPB is the base case of the corresponding output. 239 

To calculate the SC, five perturbations were tested, as shown in Table 3. The input 240 

parameters were varied along with the baseline input, representing a range of possible 241 

values for each parameter in the baseline pre-retrofit dwellings. Note that the selected 242 

perturbations utilised in the sensitivity analysis can have varied magnitudes but with no 243 

impact on the sensitivity coefficient. To illustrate, the investigation chooses five perturba- 244 

tions for external wall U-values, ranging from 1.3 to 2.1 W/m2K, to calculate the SC. None- 245 

theless, if a wider range of perturbations were tested, such as the external wall U-values 246 

of 0.9 to 2.5 W/m2K, the SC would remain identical. The corresponding output is space 247 

heating energy demand. For each of the five building fabric features, the slope of the re- 248 

gression straight line (ΔOP/ΔIP) were obtained from the perturbations, and the SC can be 249 

predicted by inputting the respective base case values. Thus, a total of 160 simulations 250 

were performed to obtain the SC for each of the 32 archetypes. Based on prior research 251 

[31-34], a linear relationship was expected, fitting between the lower and upper bounds 252 

outlined in this study. Should these perturbations reveal non-linearity, they will be revis- 253 

ited in the results section, i.e., more perturbation may need to be evaluated. 254 

Annual Heat loss (in kWh per year) through the external wall, roof, windows, ground 255 

floor and via air permeability were outputted from DesignBuilder for each archetype. 256 

These are annual heat loss calculated by adding the total of hourly heat loss from DTS 257 

models. For example, the annual heat loss through the external wall were outputted by 258 

the sum of heat loss to all the zones (kitchen, lounge, bedrooms and bathroom) from ex- 259 

ternal wall inner surfaces. As a benchmark, energy saving trust suggest percentage of heat 260 

loss of walls (33%), roof (26%), windows (18%), ventilation and draughts (12%), floors 261 

(8%) and doors (3%). 262 

This study proposes a Heat Loss Sensitivity (HLS) Index, which is the product of the 263 

annual heat loss and SC, is used to rank the importance of different building fabric fea- 264 

tures in retrofit design for each building archetype. It is expressed in units of kWh, and it 265 

is important to note that a higher number means that the parameter being ranked is more 266 
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crucial to take into consideration during retrofit. Note that DesignBuilder simulations are 267 

commonly used by engineers to assess the annual heat loss of building fabrics and identify 268 

areas for energy efficiency improvements. However, variations in sensitivity to retrofit- 269 

ting mean that using annual heat loss alone is insufficient, underscoring the ned for tools 270 

like the HLS index. 271 

The HLS percentage metric is derived from the HLS index of various building fabric 272 

features, to ensure a fair comparison among different archetypes. This approach main- 273 

tains the consideration of proportionality rather than absolute values. To illustrate, the 274 

HLS index of each building fabric feature is combined to calculate the total HLS index. 275 

The individual proportions for each feature are then calculated by dividing the HLS index 276 

of the feature by the total HLS index, and then expressing this ratio as a percentage. It is 277 

crucial to remember that the HLS index's absolute values can differ significantly based on 278 

the size of the building. Thus, for a more accurate evaluation across different building 279 

archetypes, the HLS percentages are employed instead of the HLS index. 280 

 281 

2.4. Development of lower and upper bound inputs   282 

Solid wall dwellings constructed pre-1949 have different building fabric features, 283 

which cause a variation of input parameters, the variation can cause an error in the pre- 284 

dicted output (space heating energy demand) and thus affects the selection of the best 285 

retrofit measures. Therefore, a lower bound (the smallest possible input for the building 286 

fabric feature) and an upper bound (the largest possible input for the building fabric fea- 287 

ture) are defined for the purpose of this work and are summarised in Table 3. The lower 288 

and upper bounds presented in this study presents the maximum potential range of space 289 

heating energy demand variations related to different building fabric features, according 290 

to data collected. It should be noted that this study does not account for the distribution 291 

of building fabric feature falling within this range, instead it is assumed to be uniform. 292 

The following describe the performance range for each feature, and the justification for 293 

the range selected:  294 

• U-value of external wall: Hulme and Doran (2015) measured the U-value for stand- 295 

ard solid walls (solid brick walls with thickness < 330 mm) for 85 UK dwellings built 296 

before 1967, the range of U-value found was 0.9 to 2.3 W/m2K [40]; 297 

• U-value of loft: A pre-retrofit UK dwelling can have no mineral wool insulation or 298 

up to 400mm mineral wool insulation. Thus, the U-value of loft is 2.3 W/m2K without 299 

mineral wool insulation, and a U-value of 0.09 W/m2K with 400mm mineral wool 300 

insulation was selected [41];  301 

• U-value of window: SAP (2012) suggested the U-value of 1.8 W/m2K for triple glazed 302 

windows and 4.8 W/m2K for single glazed windows [41]. As per SAP, the U-value 303 

for a double-glazed window varies from 2.0 to 3.1 W/m2K. Therefore, it is not consid- 304 

ered in the analysis of lower and upper bounds for scenario evaluation;  305 

• U-value of ground floor: Pre-retrofit solid wall dwellings have suspended timber 306 

floor. Typically, pre-retrofit UK dwellings have no ground floor insulation, so the 307 

lower outlier is selected to be the same as the base case (1.2 W/m2K) installed. How- 308 

ever, measurements from field studies suggested the ground floor U-value can be 309 

much higher than 1.2 W/m2K, with 2.2 W/m2K obtained from a field study [38], which 310 

was used for the upper bound in this study;  311 

• Air permeability rate: Stephen (2000) reported the air permeability of 384 UK dwell- 312 

ings using the blower door test, which revealed the range of air permeability to be 5 313 

to 30 m3/m2h@50Pa [42].  314 

One building fabric feature was varied at a time between the higher and lower 315 

bounds, while keeping all other parameters at the base case values. For each fabric ele- 316 

ment, the percentage change of space heating energy demand due to these outliers were 317 

predicted, with a total of 320 simulations. If the absolute percentage change is highest, it 318 
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means that having an accurate input for these elements in a pre-retrofit model is more 319 

important, and they are ranked accordingly. 320 

Table 3. Perturbations and lower and upper bounds of the five building fabric features tested. 321 

Building fabric features Baseline Perturbations 
Lower 

bound 

Upper 

bound  
Reference 

Solid external wall U-value 

(W/m2K) 
1.7 1.3, 1.5, 1.9, 2.1 0.9 2.3 [40] 

Loft U-value (W/m2K) 0.527 
0.327, 0.427, 0.627, 

0.727 
0.09 2.3 [38] 

Window U-value (W/m2K) 2.8 2.4, 2.6, 3.0, 3.2 1.8 4.8 [38] 

Suspended ground floor U-value 

(W/m2K) 
1.2 0.8, 1.0, 1.4, 1.6 1.2 2.2 [38] 

Air permeability rate 

(m3/hm2@50Pa) 
12 8, 10, 14, 16 5 30 [42] 

 322 

2.5 Development of parameters impacting retrofit performance   323 

The results discussed in the prior section only apply to specific conditions. If the anal- 324 

ysis in sections 2.3 and 2.4 above is repeated under different conditions, a more compre- 325 

hensive understanding of how various factors influence the outcome can be obtained. 326 

Thus, this study investigates different climates, WWRs and overshadowing. These varia- 327 

bles were chosen based on their proven significant impact on building energy perfor- 328 

mance, as determined by prior research and theoretical considerations [31,32,34,43-45]. 329 

This information can then be used to determine where retrofit priorities should lie and 330 

identify the important building fabric feature to obtain, under different conditions. After 331 

simulating the fabric sensitivity and outliers for all 32 building archetypes, a few repre- 332 

sentative ones are selected for the parametric study, to reduce the number of simulations. 333 

To illustrate the parametric study process, a three-bedroom semi-detached house arche- 334 

type was used as an example, as according to literature, the average number of bedrooms 335 

in the UK is 2.95 [46,47]. 336 

To evaluate a parameter, all other parameters were kept the same and only changed 337 

one at a time to see its effect on the results. For each parameter, the predicted HLS per- 338 

centages were compared with the corresponding base case values. The effect that chang- 339 

ing the results for a single parameter had on the findings was recorded. 340 

2.5.1 Parameter 1: Climates   341 

SAP benchmarked climate data in the UK to 21 regions [41], as the baseline climate 342 

region was set as Leeds (Region: East Pennies), which was the UK average. Thus, two 343 

locations at opposite ends of the spectrum were tested, London (Region: Thames), which 344 

has the highest average temperature, and Edinburgh (Region: East Scotland), with the 345 

lowest temperature. CIBSE TRY weather file was selected. 346 

2.5.2 Parameter 2: Window to wall ratios (WWR) 347 

Previous studies on modelling archetype homes in the UK shows that changing the 348 

WWR changes the energy saved from wall insulation linearly [45]. The baseline WWR 349 

was set at 15%, which is the average of all evidence collected from field studies [38]. In 350 

these studies, the WWR ranged from 10% to 25%. Therefore, both the lower limit (10%) 351 

and upper limit (25%) were tested. 352 

2.5.3 Parameter 3: Overshadowing 353 

The surrounding buildings located around the archetype dwelling are set back at 9 354 

m to allow space for roads, and they are also assumed to have the same height (Figure 3). 355 

It is worth noting that the models in this study show two extremes, with no urban shading 356 

(baseline model) and urban shading on all sides (variation) respectively. With that said, 357 

real values will fall somewhere between those two extremes [44]. 358 



Buildings 2023, 13, x FOR PEER REVIEW 11 of 25 
 

 359 

Figure 3. Model visualisations showing overshadowing from surrounding buildings.  360 

3. Results 361 

The three-bedroom semi-detached home serves as an exemplar to illustrate the find- 362 

ings from this research, as it is one of the most representative archetypes which represents 363 

a significant portion of the UK housing stock. The baseline space heating energy demand 364 

for a three-bedroom semi-detached house archetype was predicted to be 6,210 kWh.  365 

3.1. Sensitivity Coefficient 366 

The space heating energy demand for the five perturbations and two (lower and 367 

higher) outliers are shown in Figure 4. The R2 for all the five building fabric features are 368 

larger than 0.95, they are linear and thus can be used for differential sensitivity analysis. 369 

All other archetypes were also tested, and the results show that R² for all the five building 370 

fabric features are larger than 0.95. Thus, these perturbations reveal a linear relationship 371 

as excepted according to Section 2.3. Figure 4 demonstrates that the slope (ΔOP/ΔIP) of 372 

each building fabric feature can be used to measure how much a change in an input pa- 373 

rameter (e.g., external wall) will affect the output parameter (space heating energy de- 374 

mand). For instance, the slope of external wall is 1717 (y = 1717x + 3287), which is higher 375 

than the one for loft at 558. This means that when changes are made to the external wall, 376 

it will have a larger impact on the space heating energy demand than changes made to 377 

the loft. Figure 4 also indicates that significant variation in space heating energy demands 378 

can be observed based on the uncertainty range selected, regardless of the magnitude of 379 

their respective slopes. For instance, while the ground floor had a steeper slope (833) than 380 

the loft (558), the uncertainty range for space heating energy demand associated with the 381 

loft was larger, at 1,300 kWh, than that for the ground floor, which had an uncertainty 382 

range discrepancy of 860 kWh.  383 

DesignBuilder simulation outputted the annual heat loss of a building fabric which 384 

can help identify and target any areas that are contributing significantly to its overall en- 385 

ergy demand. Typically, engineers use these methods to assess how influential building 386 

fabric is. In this case, the external wall had the highest heat loss of 5,346 kWh, followed by 387 

windows (3,539 kWh), while loft insulation constituted the least amount at 627 kWh (Fig- 388 

ure 5a). When assessing the importance of different building fabric features for energy 389 

efficiency improvements, it is important to consider more than just annual heat loss. While 390 

some elements may experience a large reduction in space heating energy demand with 391 

minor alterations, others may remain unaffected by major modifications. Therefore, it is 392 

important to factor in the fabric sensitivities when making such comparisons. One method 393 

of comparison which has been utilised is the slope analysis depicted in Figure 4, however 394 

this metric does not take into account discrepancies between the scales and units of vari- 395 

ous input parameters. For instance, the slope of air permeability rate (96) appears much 396 

smaller than the slope of loft (558), implying that air permeability is less sensitive. In order 397 

to allow for a more meaningful comparison between parameters of different scales and 398 

units, the concept of SC was proposed. It normalises changes in inputs and outputs rela- 399 

tive to their respective baselines thus allowing for a closer evaluation of their proportional 400 



Buildings 2023, 13, x FOR PEER REVIEW 12 of 25 
 

impacts on each other's outcomes. Analysis of the sensitivity coefficients presented in Fig- 401 

ure 5b indicates that the external wall rated most highly at 0.46, followed by the air per- 402 

meability rate at 0.18, while the loft had the lowest coefficient at 0.065. 403 

 404 

Figure 4. Space heating energy demand for the five perturbations, and lower and upper bounds 405 
(defined in Table 3) for 15% WWR semi-detached three-bedrooms house. 406 

3.2. Heat Loss Sensitivity (HLS) Index and Lower and Upper bounds 407 

In this study, a novel index (HLS Index) has been proposed by calculating the prod- 408 

uct of the annual heat loss and SC of building fabric features. This index is highly instru- 409 

mental in determining which elements are most suitable for energy-efficiency improve- 410 

ments. The external wall of a building is one of the most important parameters to consider 411 

when retrofitting, as it has a high SC and annual heat loss. On the other hand, windows 412 

have low SCs but high annual heat losses. This suggests that while windows are signifi- 413 

cant contributors to total thermal energy lost from buildings, reducing the U-value by 414 

large amounts may not significantly impact window heat losses. The HLS index from Fig- 415 

ure 5c revealed that external wall was the most critical aspect for retrofitting (2,464 kWh),  416 

while all other fabric elements performed similarly windows could reduce space heating 417 

demand by 433 kWh, lofts by 41 kWh, ground floors by 348 kWh and air permeability rate 418 

by 345 kWh.  419 

Alongside with the HLS index, it is necessary to consider lower and upper bounds, 420 

as these indicate the range of potential values for building fabric features and the varia- 421 

bility of their influence over energy performance. This study shows the maximum possi- 422 

ble variation of space heating energy demand for lower and upper bounds for different 423 

building fabric features (Figure 6). However, it does not consider the likelihood of a build- 424 

ing fabric feature falling within this range, but simply assumes that it is equally probable 425 

between the two bounds. As illustrated in Figure 6, the uncertainty of building fabric fea- 426 

tures has a notable effect on space heating energy demand. The external wall U-value was 427 

modelled to have a lower bound of 0.9 W/m2K and an upper bound of 2.3 W/m2K, with 428 

the baseline case of 1.7 W/m2K. The lower bound resulted in a space heating energy de- 429 

mand of 4,817 kWh, indicating a 1,392 kWh (22.4%) change as compared to the base case; 430 
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whereas the upper bound increased this figure to 7,236 kWh, resulting in a 1,026 kWh 431 

(16.5%) increase compared to the baseline. Results show that external wall U-value has 432 

the largest uncertainty regarding energy demand in a three-bedroom semi-detached 433 

house, with a variation ranging from -1,392 to 1,026 kWh (-22.4% to 16.5%). It was fol- 434 

lowed by air permeability rate, which has a variation of -655 to 1,748 kWh/m2 (-10.6% to 435 

28.2%). 436 
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c)  439 

Figure 5. a) Annual heat loss, b) Sensitivity coefficient and c) Heat loss sensitivity index for the five 440 
building fabric features. 441 

 442 

Figure 6. Percentage change relative to the base case for combined lower and upper bound for five 443 
building fabric features, with the data labels showing the input parameters (U-values and air per- 444 
meability) in Table 3 445 

3.3. Fabric Sensitivity and Uncertainty Analysis: A Comparison of Dwelling Types 446 

3.3.1. Space heating energy demand  447 

In an effort to establish a fair comparison, the space heating energy demand per 448 

square meter is utilised to examine the variance across different archetypes, considering 449 

the diverse number of bedrooms in each case (Figure 7). 450 

A comparison between mid-terrace and end-terrace/semi-detached houses reveal a 451 

lower space heating energy demand for the former. This can be attributed to the additional 452 

party wall in mid-terrace houses, resulting in reduced external wall heat loss and conse- 453 

quentially, a lesser heating energy demand. Interestingly, the data does not indicate a sig- 454 

nificant disparity in the space heating energy demand per square meter between detached 455 

and end-terrace/semi-detached houses. A similar pattern is observed in the case of bun- 456 

galows. The lowest space heating energy demand is in flats, and multi-storey flats exhibit 457 
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a slightly increased space heating energy demand. The reason may be because the baseline 458 

for this investigation was middle-floor flats, which are the most common flat type. In these 459 

flats, the ceiling and ground floor is assumed to be adiabatic, which contrasts with mid- 460 

terrace houses where there is heat transfer through the loft. 461 

 462 

Figure 7. Space heating energy demand for different house types, the bar represents data from 463 
homes with different number of bedrooms (1 to 4 bedrooms). 464 

3.3.2. Significance of fabric sensitivity on model accuracy  465 

In the retrofitting process, Figure 8 serves as a pivotal resource, specifically beneficial 466 

for property owners and landlords. This figure highlights the impact of fabric sensitivity 467 

on model precision, thereby ranking the relevance of different retrofit interventions. This 468 

data can serve as an initial reference point in the decision-making trajectory for retrofit 469 

design, thus endorsing a systematic and strategic methodology for enhancing energy ef- 470 

ficiency in the UK's domestic stock. 471 

To ensure a fair comparison, it is imperative to evaluate the HLS index using per- 472 

centages instead of absolute values across different archetypes. For instance, the three- 473 

bedroom semi-detached house illustrated in demonstrates an absolute HLS index of 2464 474 

for the external wall, 41 for the loft, 433 for the window, 348 for the ground floor, and 345 475 

for air permeability. When we add up these values, the total HLS index comes out to be 476 

3632. This corresponds to proportions of 67.8%, 1.1%, 11.9%, 9.6%, and 9.5% respectively. 477 

It is important to note that the HLS index's absolute values vary depending on the size of 478 

the building. For example, a six-bedroom detached house may have a higher HLS index 479 

compared to a two-bedroom house. However, comparing percentages, rather than abso- 480 

lute values, gives a more precise evaluation when examining different building arche- 481 

types. As shown, both the six-bedroom and two-bedroom houses have external wall HLS 482 

percentages of 67.6 % and 72.1 % respectively, despite the absolute HLS index being 6833 483 

kWh and 3640 kWh (Figure 8). 484 

The findings of the study emphasised the significance of external walls in the retro- 485 

fitting process for most building types. The only exception to this trend was observed in 486 

mid-terrace bungalows, where ground floor emerged as the most crucial factor. In con- 487 

trast, loft was considered the least influential factor for retrofitting, except in mid-terrace 488 

bungalows where air permeability is the least important. The least significant factor for 489 

loft insulation is potentially due to its existing insulation. Adding more insulation does 490 
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not significantly reduce the HLS percentage compared to retrofitting other building fabric 491 

elements. 492 

The variation in HLS percentage caused by the number of bedrooms significantly 493 

impacts both the external walls and the ground floor HLS percentage. In larger houses 494 

with more bedrooms, the ground floor becomes more crucial due to a higher percentage 495 

of heat loss in relation to the total heat loss of the entire house. However, it is important 496 

to note that the number of bedrooms does not shift the primary parameter for retrofitting, 497 

which remains the external walls for most archetypes. 498 

Moving on to the comparison between houses and bungalows, there were variations 499 

in the HLS percentage between external walls, loft and ground floor. Houses exhibited a 500 

higher HLS percentage for the external wall, while bungalows demonstrated a higher HLS 501 

percentage for the ground floor and loft. The difference can be explained by the architec- 502 

tural design. Bungalows have a higher proportion of the ground floor and loft area con- 503 

tributing to heat loss compared to houses. On the other hand, houses exhibit a higher 504 

percentage of heat loss area in their external walls compared to bungalows. 505 

Mid-terrace houses exhibited a lower HLS percentage for external walls and a higher 506 

HLS percentage for ground floors. This pattern was consistent when comparing mid-ter- 507 

race bungalows with other bungalow types, attributable to the additional party wall in 508 

mid-terrace structures compared to end-terrace or semi-detached houses. Interestingly, 509 

the HLS percentage for external walls and ground floors in detached, semi-detached and 510 

end-terrace houses showed similar results. This pattern also applied to bungalow types. 511 

It is worth noting that this equivalence remained consistent despite the distinct architec- 512 

tural feature of detached houses and bungalows, where all four walls are externally fac- 513 

ing. 514 

Lastly, regardless of the architectural variances of single-storey and multi-storey 515 

flats, they exhibited comparable rankings in terms of the HLS percentage. Notably, retro- 516 

fitting the external wall holds the highest significance for flats compared to houses and 517 

bungalows. 518 
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 519 

Figure 8. Significance of fabric sensitivity on model accuracy for all the 32 dwelling archetypes, the 520 
bar represents data from different number of bedrooms. 521 

3.3.3. Effect of lower and upper bounds on fabric uncertainty  522 

In this research, Figure 9 presents a crucial illustration of how the selected lower and 523 

upper bounds in Table 3 affect fabric uncertainty. This visual representation assists in 524 

identifying the most influential assumptions to consider in energy models. By adopting 525 

this approach, the precision and reliability of fabric retrofit design models for UK domes- 526 

tic stock can be enhanced. 527 

The results of Figure 9 demonstrate that the uncertainty of the building fabric fea- 528 

tures for each archetype can be calculated by summing the negative and positive bars. For 529 

instance, in the case of a three-bedroom semi-detached house, an analysis of varying ex- 530 

ternal wall U-values resulted in a total of +1026 kWh (16.5%) higher, and -1392 kWh 531 
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(22.4%) lower energy consumption demand respectively, producing a combined uncer- 532 

tainty value of 38.9%. It is important to note that the building fabric feature with the high- 533 

est uncertainty percentage represents the element that holds the greatest significance for 534 

measurement by the SAP assessor, specifically the external wall in this scenario. 535 

Moving on to the fabric uncertainty rankings, they yielded consistent results across 536 

different types of houses with varying numbers of bedrooms, albeit with a few exceptions 537 

as shown in Figure 9. For instance, in the case of one-bedroom end-terrace houses, the 538 

uncertainty in external wall composition (39.5%) was slightly lower than the air permea- 539 

bility rate (40.1%). Conversely, in three-bedroom houses, the uncertainty in external wall 540 

composition (39.0%) was slightly higher than the air permeability rate (38.8%). It is im- 541 

portant to note, however, that the number of bedrooms did not significantly affect the 542 

level of fabric uncertainty. 543 

Upon detailed examination of distinct housing types, interesting variations are ob- 544 

served. This is particularly contrasting to the HLS index where external walls emerge as 545 

the most crucial parameter to retrofit across most archetypes. For mid-terrace houses, the 546 

measurement of external walls takes precedence. However, for semi-detached and end- 547 

terrace houses, as well as detached houses, both external wall measurements and air per- 548 

meability become equally significant. In the case of semi-detached and end-terrace bun- 549 

galows, the measurement of air permeability and loft are equally relevant. For detached 550 

bungalows, air permeability becomes the most significant factor, while for mid-terrace 551 

bungalows, measuring the loft holds the highest level of importance. Lastly, for flats, the 552 

measurement of external walls is the most important. 553 

Finally, when considering the least important parameter, windows emerge as the 554 

least significant parameter to measure. Conversely, when considering retrofitting, the loft 555 

is deemed the least significant parameter. 556 
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 557 

Figure 9. Effect of selected lower and upper bounds on fabric uncertainty for all the 32 archetypes, 558 
the bar represents data from different number of bedrooms. 559 

3.3.4. Selection of representative archetypes  560 

Results of the analysis conducted in this section showed that the number of bedrooms 561 

did not significantly affect either the fabric sensitivity or uncertainty rankings. The fabric 562 

sensitivity and uncertainty analysis revealed that some house types had similar rankings. 563 

Consequently, the dwelling types studied were categorised into five categories: 1) mid- 564 

terrace house; 2) end-terrace, semi-detached and detached house; 3) mid-terrace bunga- 565 

low; 4) end-terrace/semi-detached and detached bungalow; and 5) one-storey and multi- 566 

storey flats. Thus, parametric analysis in the next section will only be carried out for three- 567 

bedroom archetypes, which is representative of the average UK home size of 88 m2 re- 568 

ported in the 2001 English House Condition Survey [46]. 569 
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3.4. Evaluation of parameters impacting retrofit performance   570 

3.4.1 Impact on Space heating energy demand  571 

Figure 10 demonstrates how different parameters impact space heating energy de- 572 

mand. These parameters, thoroughly discussed in Section 2.5, were chosen because pre- 573 

vious research has shown their substantial influence on building energy performance. 574 

This section further elaborates on the impact of these parameter adjustments on space 575 

heating energy demand: 576 

• Climates: The climate in London, which is warmer than Leeds, results in a decrease 577 

in space heating energy demand ranging from 13.8-18.8%. Conversely, Edinburgh's 578 

climate, colder than Leeds, necessitates a higher space heating energy demand, rang- 579 

ing from 7.3-8.3%. 580 

• WWRs: Shifting the WWR from 15% to 10% and 25% does not significantly alter the 581 

overall space heating energy demand. However, it results in a reordering of retrofit 582 

importance, which will be further discussed in subsequent sections. 583 

• Overshadowing: Overshadowing results in a higher increase in space heating energy 584 

demand for houses compared to bungalows. This could be attributed to the larger 585 

portions of the house being shaded from solar exposure, necessitating additional 586 

heating. 587 

 588 

Figure 10. Variation in space heating energy demand for selected house types when different pa- 589 
rameters are alternated compared to the baseline. 590 

3.4.2. Impact on Heat Loss Sensitivity (HLS) Percentage   591 

When analysing the impact of climates on the HLS percentage, notable differences 592 

were observed in the external walls and ground floors (Figure 11). In warmer climates like 593 

London, compared to the baseline of Leeds, there was an increase in the HLS percentage 594 

attributed to external walls, while the HLS percentage of the ground floor decreased. This 595 
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observation can be explained by reduced heat loss through external walls in areas with 596 

higher temperatures. While the model assumes a constant ground floor temperature 597 

across all climates, the importance of ground floor insulation becomes more apparent, 598 

leading to an increase in its HLS percentage. Therefore, variations in HLS percentages led 599 

to changes in retrofit rankings in London. External wall retrofit remained crucial for 600 

houses and flats, while for bungalows, ground floor retrofit became the most critical pa- 601 

rameter. On the other hand, when it comes to houses, bungalows, and flats in Edinburgh, 602 

the most crucial aspect of retrofitting is the external wall. This is due to the decrease in the 603 

HLS percentage of the ground floor and the increase in the HLS percentage of the external 604 

wall. 605 

Increasing the WWR results in a higher HLS percentage for windows and a lower 606 

HLS percentage for the external wall, while keeping other building fabric features con- 607 

stant. Retrofitting the external wall remains the most important for houses and flats with 608 

a 25% WWR. For bungalows, reducing the HLS percentage of the external wall highlights 609 

the significance of the ground floor, which already has a high HLS percentage, as the pri- 610 

mary parameter for retrofitting. 611 

The introduction of overshadowing had minimal impact on the HLS percentage, 612 

thereby not significantly affecting the retrofit rankings. However, a minor increase in the 613 

external wall HLS percentage was noted, due to the reduced solar gains in certain shaded 614 

areas, leading to a higher heat loss from the external walls. 615 

 616 

Figure 11. Significance of fabric sensitivity with varying climates, WWRs and overshadowing com- 617 
pared to baseline.  618 
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4. Discussion 619 

The results validate and quantify the intuitive understanding of many professionals 620 

(e.g. SAP assessors and retrofit designers). For instance, the external walls play a crucial 621 

role in a building's energy performance. However, it also provides more nuanced and 622 

novel, evidence-based analysis which can be used to develop guidance for professionals 623 

policy makers and householders to optimise retrofit decisions by making them bespoke 624 

to a specific home or homes. It also provides some indication of the scale and order of 625 

magnitude of the impact on retrofit performance resulting from varying characteristics 626 

found in homes. The following points highlight the implications of each building fabric 627 

feature:   628 

• Solid external walls had the highest SC, HLS Index and impact on space heating 629 

demand when likely upper and lower bounds was considered for all archetype 630 

homes, regardless of bedroom size (Figure 8), climate, or window to wall ratio. They 631 

should therefore be prioritised in any retrofit projects on solid walled homes. These 632 

findings suggest the use of a limited default U-value for all solid walled homes in 633 

RdSAP may be particularly problematic as it this is not likely to accurately represent 634 

the range in performance and benefits that may be achieved by SWI. 635 

• Windows had a similar SC to air permeability and ground floors, but had a relatively 636 

lower HLS Index, though in flats, where the WWRs are larger the HLS index was 637 

higher. The range in likely performance for double glazing is relatively low, and 638 

therefore upgrading older double-glazing units may not need to be prioritised, un- 639 

less the home has a particularly high WWR. Upgrading from single to double-glazed 640 

windows should be prioritised in retrofitting.  641 

• Air permeability had a similar SC to windows and ground floors and relatively low 642 

HLS index. However, despite this, because there can be tremendous variation in air 643 

permeability in homes it could be an important retrofit consideration for some but 644 

not all homes. For instance, in homes with excessive air leakage, air permeability can 645 

exceed external walls in terms of heat loss. Air permeability is therefore an important 646 

parameter to measure, and it may be beneficial to set a requirement to measure air 647 

permeability in all homes having retrofit as well as considering a minimum air per- 648 

meability threshold for existing dwellings undergoing retrofits. More work would be 649 

needed to understand what an acceptable threshold for existing homes may be.  650 

• Lofts have SC similar to ground floors and air permeability and a greater SC than 651 

windows. However, they have among the lowest HLS Indexes, meaning they may 652 

not usually need prioritising in retrofit. Despite this, it is important to inspect loft 653 

condition and existing insulation depths, since loft insulation may not always be to a 654 

good standard or even present, and in these cases, lofts become a significant retrofit 655 

consideration, especially in bungalows where they can be as important as walls.   656 

• Ground floors had similar SC to lofts and air permeability, and relatively low HLS 657 

index in all homes except bungalows where the HLS index was higher, indicating 658 

they should be higher retrofit priorities for bungalows. Furthermore, climatic region 659 

had a greater influence on ground floor retrofit than other retrofit types, perhaps in- 660 

dicating that ground floor retrofits should be higher priorities in areas of the UK 661 

where average annual ground floor temperatures are lower. 662 

 663 

The HLS index can be a valuable tool for guiding retrofitting efforts. For example, a 664 

high HLS index for the external wall in this study suggests that enhancing wall insulation 665 

could lead to significant energy savings. However, it is important to note that while the 666 

HLS index indicates areas of greatest heat loss, it does not necessarily identify the most 667 

cost-effective retrofitting opportunities. Decision-making should also consider factors like 668 

the cost and feasibility of different retrofitting options. For example, the installation of 669 

external wall insulation may not be feasible in certain dwellings due to planning permis- 670 

sions. Therefore, future research could focus on investigating energy savings achievable 671 

through retrofitting the building fabric features and calculating the payback period.  672 
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However, this research provides useful information that can be used to optimise ret- 673 

rofit decision making to ensure they are informed by specific features of homes. It also 674 

highlights what data are important to capture as part of pre-retrofit surveys, specifically 675 

the air tightness level of the home, as well as the condition of the loft insulation and the 676 

WWR. Current retrofit policy does not require that the air tightness of homes is measured 677 

pre or post retrofits to help guide decision making or set a minimum performance thresh- 678 

old and EPCs assume a default air permeability rate in homes, not a measured perfor- 679 

mance. Further EPC assessments are often performed without access to verify loft insula- 680 

tion quality or depth, nor do they require a specific WWR to be captured. These omissions 681 

are problematic if EPCs functions include informing householders on what retrofit to un- 682 

dertake on their homes.  683 

The study focused on developing and applying the HLS Index in the context of ret- 684 

rofitting design for solid wall dwellings in the UK. While overheating analysis, post-ret- 685 

rofit energy savings evaluation, and informing housing retrofit policies globally were not 686 

part of this study, the repeatable methodology and open-source DTS archetype models 687 

provided can guide future research in these areas. 688 

5. Conclusions 689 

This research developed a method of retrofit design for UK domestic stock that 690 

would enable decision makers to determine which building fabric features should be pri- 691 

oritised to retrofit and assist SAP assessors in their collation of key input data. Through 692 

the use of DTS modelling and SC calculations, 32 archetype solid-walled dwellings with 693 

different numbers of bedrooms and house types were analysed. 694 

The main findings of this paper can be summarised as follows: 695 

• External Wall Retrofitting: The HLS index validates professional intuition regarding 696 

the significance of external walls in retrofitting due to their high SC and annual heat 697 

loss. Policies should prioritise solid wall insulation as a key retrofit measure. 698 

• Air Permeability Assessment: Given the wide range of air permeability levels 699 

among homes, it is advisable to conduct an air permeability test, such as the Pulse 700 

test, before retrofitting. For homes with high air permeability, sealing gaps to im- 701 

prove airtightness could be a more cost-effective solution than implementing EWI, 702 

while also reducing carbon emissions. 703 

• Decision-Making Tools: Figures 8 and 9 function as effective decision-making tools, 704 

helping prioritise building fabric features for retrofitting and guiding SAP assessors 705 

in data collection for well-designed retrofits. 706 

• Tool Effectiveness Across Different Conditions: Parametric simulations showed 707 

that climatic regions, WWRs, or overshadowing did not significantly alter the rank- 708 

ings of retrofit features. This confirms the tool's applicability across diverse UK hous- 709 

ing conditions. 710 

In light of these findings, it is clear that tailored solutions, taking into account the 711 

specific context, are crucial for retrofitting homes across the diverse architectural land- 712 

scape of the UK. By adopting this retrofit design approach, there is a potential to enhance 713 

the reliability of retrofit policies and bridge the gap between predicted and actual perfor- 714 

mance. Therefore, it is imperative for UK policymakers and SAP assessors to implement 715 

this approach when formulating a successful retrofitting plan. The tool is specifically de- 716 

signed for solid wall homes, but further research could explore its applicability to homes 717 

with cavity walls. 718 
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