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Abstract 
This paper presents a building-level analysis of almost 600,000 houses in London, 
using EPC data alongside 3DStock, a new highly detailed urban model. Focussing 
on the building envelope (specifically roofs, walls and glazing), the paper examines 
the current condition of the stock, as well as the opportunities for improving energy 
efficiency as defined by the EPC recommendations. Using highly detailed building-
level data, the areas of single-glazed windows, uninsulated walls, and poorly 
insulated lofts are quantified across the sample. It also examines the magnitude of 
this low-efficiency envelope that is not currently recommended for improvement in 
the EPCs. Finally, the paper estimates the total retrofit potential for houses in 
London. 
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1.0 Introduction 
Within the UK, housing accounts for 30% of national energy consumption, and 20% 
of emissions(1,2). In London, these figures are 40% and 37% respectively(3). The 
past few decades have seen a significant decrease in building emissions, with 
domestic emissions in the capital falling by 35% compared to the year 2000(3). 
However, in order for the UK to meet its long-term targets, continued improvements 
to building performance are necessary, with ‘near complete’ decarbonisation of 
heating in particular identified as a significant target(2,4). 
For new buildings, a key instrument is Building Regulations. Over time, these provide 
increasingly stringent minimum standards for design, covering issues such as 
insulation, air tightness and plant performance. However, slow turnover of the stock 
means that many of the buildings that will exist in 2050 have already been 
constructed. Consequently, major improvement of the existing housing stock is 
necessary. To this end, considerable uptake of energy efficiency retrofit measures 
will be required, including loft and wall insulation, and improved glazing(2,5). 
Estimates of the overall potential have been made in terms of the number of 
dwellings that might be suitable for each measure(6). However, uncertainty remains 
both in terms of how much of the ‘technical’ potential might be practically and 
economically feasible, as well as the likely impact and costs(7). 
This paper uses a new, highly detailed, fully disaggregate, urban model called 
3DStock to examine the London domestic building stock. 3DStock models the built 
environment across large urban areas at the level of the individual property, and 
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includes key information such as built form, use and construction age(8). The study 
aims to improve the understanding of opportunities for retrofitting the existing building 
stock, and demonstrate the benefits of detailed urban models like 3DStock. Analysis 
has been undertaken to quantify the retrofit measures recommended for London 
houses by EPC assessors, and examine how the choice of improvements are 
influenced by the characteristics of the stock. Focussing on houses, a sample of 
almost 600,000 properties has been analysed at a building-level (representing a third 
of all houses in London). The paper concludes by scaling up the results to estimate 
the overall retrofit potential for houses in the city. 

2.0 Domestic EPCs 
Introduced in the UK in 2008, and required when letting or selling a property (and 
linked to specific schemes like the Renewable Heat Incentive), domestic EPCs 
provide benchmarks of building performance that are a standardized and normalized 
against the wider residential stock(9). Rather than using real energy data, an 
approved calculation methodology (the Standard Assessment Procedure, SAP) is 
used to estimate performance based on information gathered by qualified 
assessors(10). Typical variables are used to account for certain non-design factors 
such as occupancy behaviour and internal conditions. For existing properties, where 
it may be impractical to collect some information accurately, proxies are used based 
on existing knowledge and rules of thumb (e.g. building age and materials are used 
to approximate envelope thermal performance). This ‘reduced data’ calculation for 
existing buildings is called ‘RdSAP’. 
In early 2017 a significant portion of the EPC database was made freely and publicly 
available online(11). While the released data does not include all of the information 
collected by assessors or calculated within the EPC software, a number of key 
variables are provided. This includes the energy ratings themselves, as well as 
simple information on significant characteristics including built form, total floor area, 
and plant, as well as a description of the building envelope. 
In addition to providing information about buildings as they are, another key part of 
an EPC is the recommendations list. This identifies opportunities for improving 
building performance, and is accompanied by ‘potential’ benchmarks intended to give 
an indication of the overall impact of the recommended measures. The selection of 
these recommendations is semi-automated; a list is generated by the software from 
the building’s existing characteristics, and then finalised by the assessors based on 
their expertise and knowledge. So, for example, for a building with unfilled/as-built 
cavity walls with U-values above 0.6 W/m2K, cavity wall insulation (CWI) would be 
identified in SAP as a likely suitable improvement(10). However, the assessor could 
then remove this recommendation, if appropriate. 
The specifics of each recommendation and the associated impact are quantified 
within the EPC calculation process. However, at least for now, this detail is not 
available in the public EPC release and cannot, so far as the authors are aware, be 
reliably reverse-engineered from the available fields. However, the release does 
include a list of broad descriptions of the recommended improvements for each 
building (e.g. “Increase hot water cylinder insulation”). In this way, the EPC database 
provides information on appropriate retrofit measures, that have been identified by 
qualified assessors based on the specific characteristics of each dwelling, for a large 
number of dwellings in England and Wales. 
Of course, for such a database, a key concern is the reliability of the information. 
Uncertainties exist about the accuracy of the SAP methodology and assumptions, as 
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well as the quality and consistency of information provided by the EPC assessors. A 
number of studies have examined the EPC database in order to explore these issues 
in detail. 
Analysing 1.6 million dwellings with at least two lodged EPCs, Crawley et al. show 
that the EPC process introduces a random error in the estimated current SAP 
rating(12). This error varies with building performance; typical error decreases in 
magnitude between G-rated dwellings and A-rated ones. Using this to examine the 
typical error for each EPC grade, they estimate, for example, that as many as 24% of 
‘true’ D-grade dwellings might mistakenly be graded as C. 
Elsewhere a similar approach was used to analyse the underlying input data(13). 
This study examines instances where dwellings have multiple EPCs with conflicting 
information. For example, a property may have one EPC listing the wall construction 
as cavity wall, but a later EPC that lists solid brick walls. In such a situation, it is 
unlikely (albeit not impossible) that this represents a legitimate change to the building 
fabric. Their analysis shows that up to 62% of EPCs may have some form of error, 
although this includes technical errors (e.g. EPCs uploaded to the online database 
multiple times). The study highlights several trends in the error distribution. For 
example, errors are shown to be more prevalent in flats and maisonettes than 
houses. The proportion of EPCs with building characteristics errors are shown to 
differ between variables; floor and wall type errors occur in ~10-15% of EPCs, 
compared with ~5% for wall insulation and glazing performance. Interestingly, built 
form (detached, end-terrace, etc.) was found to be one of the most common errors; 
most often for buildings identified as ‘end-terrace’ or ‘semi-detached’. 
A significant factor with the above-mentioned studies is that both examine the EPC 
database in isolation. Consequently, errors were only identified where multiple EPCs 
have been lodged and, crucially, even where differences were found they were 
typically unable to determine which EPC (if any) is correct. A small-scale study used 
a ‘mystery shopper’ approach in order to compare EPCs against known building 
information(14). Here, 29 dwellings were each independently assessed by four 
companies, and the resulting EPC data was compared against a fifth ‘reference’ 
assessment, assumed to be accurate. Reflecting the findings of the previously 
mentioned papers, variations were found in ratings between EPCs produced for 
identical buildings(14). Examining the underlying building characteristics, the study 
reveals that heating system and wall efficiency data are the most consistent across 
the sample, while roof efficiency and, surprisingly, total floor area were found to be 
the least consistent. 
For homeowners, EPCs provide an indication of performance and, through the 
recommendations, identify appropriate improvement measures. However, despite the 
uncertainties discussed above, EPCs also remain significant for building research 
and policy. Stock models adapt the underlying SAP and RdSAP calculations for 
estimating large-scale performance(15), and regulations and improvement pathways 
are linked to EPC grades(5,16). For the domestic sector, the EPC database remains 
one of the few publicly available large-scale sources of disaggregate and, crucially, 
addressed building data. Consequently, when considering the data at a larger scale, 
EPCs provide an opportunity to examine the potential for improving the stock, along 
with associated factors like costs, impact, and so on. Finally, the requirement for 
certificates to be regularly updated means that they could be useful in understanding 
the stock over time. 
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3.0 3DStock 
Due to the scale and complexity of 3DStock, it is only practical to provide a broad 
overview of the model here. Readers interested in further information are referred to 
past papers. This includes a detailed overview of the model’s development(8), and 
several studies undertaken using 3DStock(17-20). 
3DStock is a highly detailed model that represents all buildings (including domestic, 
non-domestic and mixed-use), as well as sites, roads and other features in a GIS 
database. The model is assembled from several data sources, including the 
Ordnance Survey, Valuation Office Agency, and LiDAR data (laser measurements 
from aircraft) collected by the Environment Agency. Recorded variables include 
detailed information on factors such as built form and use. Since the model is GIS-
based, and fully addressed, other datasets have also been matched to 3DStock. This 
includes aggregate data such as postcode energy use from BEIS and construction 
information from Verisk, as well as property-level data, including the EPCs and 
DECs. To date, 3DStock includes all of London, Leicester, Swindon, Tamworth and 
Milton Keynes. 
The complete 2017 EPC release has been matched to 3DStock at an individual 
property level using the address fields. This includes EPCs lodged until mid-2016. 
For the purposes of this study, where dwellings have been issued multiple EPCs, 
only the most recent one has been considered. As noted previously, the raw EPC 
data includes errors and inconsistencies. Consequently, following the address-
matching to 3DStock, considerable processing was required prior to undertaking any 
analysis. Broadly speaking, this consisted of three tasks: 

(i) Standardising Fields: The raw EPC data has inconsistencies within several 
fields. For example, there are thousands of unique wall and roof type 
strings, and almost 450 unique recommendations. However, many of these 
simply reflect the level of detail provided by different assessors/software, 
language, or spelling errors, rather than significant differences. Work was 
carried out to standardise the data where possible. Given the scale of the 
data, it was not feasible to process every unique string, so priority was 
given to those associated with the largest number of EPCs. 

(ii) Identifying Errors: A proportion of EPCs include clear errors (e.g. heating 
systems identified as ‘75% low-energy lighting’). Similarly, some EPCs 
omit information, or have strings that are too vague to be useful. These 
were identified and removed as necessary. 

(iii) Identify Internal Inconsistencies: A proportion of EPCs include internal 
inconsistencies between fields. For example, gas might be identified as the 
main heating fuel, but the plant might be listed as electric storage heaters. 
Again, these were identified and removed where appropriate. 

The analysis described in the remainder of this paper was carried out on the houses 
in London from 3DStock that have at least the following information at an individual 
building level; matched and processed EPC data including recommendations, date of 
construction, dwelling type (detached, semi-detached, etc.), and quantitative data on 
the built form. The final sample size was 539,041 houses, representing a third of all 
houses in London. 

4.0 Recommendations and Building Characteristics 
After processing the data, an initial assessment was undertaken to examine the 
distribution of recommendations for the sample. Figure 1 shows the overall 
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proportion for which each EPC recommendation type is given. For example, the 
graph shows that 45.4% of the houses are suitable for additional floor insulation 
according to the EPCs. In total, the average number of recommendations is 5 
(mean=5.6, median=5), and the interquartile range is 4-7. At the extremes, 5% of 
homes have as few as 2, or as many as 12 recommendations. The most commonly 
suggested measures include improvements to wall insulation (76.5% of homes), the 
installation of LZC technologies (photovoltaics and SHW are 97.5% and 79.6% 
respectively) and low-energy lighting (77.5%). Surprisingly, there are even a few 
recommendations for wind turbines (4.8%), including 3,526 in Inner London. 

 
Figure 1 – Proportion of houses with each EPC recommendation type 
The distribution of recommendations reflects both the current characteristics of the 
building stock, as well as the typical impact of each measure. For example, the 
likelihood that roof improvements are suitable for a building will depend on the 
current construction and level of insulation. Next, the model was examined in further 
detail, focussing on the following key envelope elements; roofs, walls and glazing. 

Roofs 
Within the sample, 90.4% of homes have ‘pitched roof’ as the sole roof type. While 
the level of insulation can be assumed or provided on a qualitative basis (e.g. ‘partial’ 
insulation, or ‘assumed limited’ insulation), almost 70% quantify the thickness without 
an ‘assumed’ tag. The 371,204 houses with pitched roofs and known levels of loft 
insulation are shown in Figure 2, and represent, from the physical data in 3DStock, 
some 21.9 million m2 of roof space. The graph presents the number of homes at 
each insulation thickness, alongside the proportion recommended for improvement. 
Roughly 17,000 EPCs list loft insulation as being 300mm+. These are included in the 
graph at 300mm. 
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Figure 2 – Distribution of houses with different thicknesses of loft insulation 
and the associated recommendations 
In total, loft insulation is recommended for 38.5% of homes in the graph (8.5 million 
m2 of roof space). Recommendations typically suggest installing 270mm of insulation 
(indicated by the vertical dashed line), but fewer than 1 in 13 homes currently have 
this installed. Unsurprisingly, the blue line shows that the likelihood of 
recommendation correlates inversely with the current insulation level. Within SAP, 
loft insulation is the first improvement suggested, considered for homes with pitched 
roofs and 150mm of insulation or less(10). This reflects the fact that, for homes with 
existing loft insulation above 125-150mm, further insulation is typically not cost-
effective(21). The data shows, however, that the proportion of recommended homes 
drops considerably before this threshold. Out of the 202,713 homes with less than 
150mm of insulation, one-third are not recommended for roof improvements. It is 
unclear, from the current analysis, whether this gap represents dwellings where the 
installation of further loft insulation is practically or financially unviable, or to project 
how this proportion might change under different economic conditions. However, the 
gap represents some 3.8 million m2 of under-insulated roof space, with 1 in 10 of 
these houses having over 87m2 of roof space. 

Walls 
Figure 3 presents similar data for walls. The proportion of houses with a wall 
improvement recommendation is shown in red, while the corresponding proportion of 
wall area is shown in blue. External area has been estimated by extracting the 
vertical envelope for each building from 3DStock, and subtracting the estimated 
proportion of glazing calculated from RdSAP. The latter is based on building type, 
age and size(10). Around 4.9% of the stock consists of houses with a large number 
of other wall or insulation types (e.g. different stone constructions, or multiple wall 
types). These are excluded from the graph for readability. The size of each sub-
group is shown in brackets. 
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Figure 3 – Distribution of houses with different wall types and the associated 
recommendations 
Compared with the roof data, Figure 3 highlights how little wall insulation is installed 
in London housing. Across the sample, only 57.3% of houses with cavity walls are 
listed as having some insulation; for properties with solid brick walls (which account 
for almost twice the number of homes), this is 2.3%. For comparison, estimates for 
the total insulated proportions for dwellings in England are 68% and 9.9% 
respectively(22). The difference may reflect the fact that this study focuses solely on 
houses in London (flats, for example, account for over half of dwellings in the capital), 
or simply inaccuracies within the EPC data. It may also be that the characteristics of 
dwellings with EPCs differ from those without. 
The proportion of houses with wall insulation EPC recommendations is very high 
(97.0% and 94.3% of homes with solid brick and cavity walls without full insulation 
respectively). In total, this corresponds with almost 52 million m2 of wall area. 
Furthermore, 1 in 5 homes identified as already having insulated solid walls are 
recommended for more. Even if the EPC data accurately represents the retrofit 
opportunities of the stock however, it should be noted that there is a considerable 
gap between the technical and cost-effective potential. This reflects practical factors 
and external restrictions such as buildings being located in conservation areas(7). 
This gap is particularly pronounced for solid wall insulation, for which it has been 
estimated that only a third of the technical potential might be delivered under a ‘cost-
effective’ scenario by 2035, compared with 83% for cavity wall insulation(6). 

Windows 
Considering glazing, in total, 69.9% of houses in the sample are identified as being 
fully multi-glazed (i.e. they have no single-glazing). Of these, the vast majority are 
fully double-glazed (369,751 homes). For reference, this is slightly lower than the 
overall 2016 EHS finding that 84.6% of dwellings have entire house double-
glazing(22). At the other end of the spectrum, 8.4% of the houses in the sample are 
fully single-glazed. The remaining 21.7% of homes have a mix of single-, and multi-
glazed windows. Using the built form data from 3DStock and the estimated window 
areas from RdSAP, the data suggests that around 18.6% of the total window area is 
single-glazed; around 2 million m2. 
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Figure 4 – Distribution of glazing improvement recommendations with different 
window types 
Figure 4 plots how the glazing improvement recommendations vary with the current 
proportion of multi-glazing. For example, 30% of houses within the sample identified 
as having 70% of their windows double-glazed (and therefore 30% single-glazed) 
have a glazing improvement recommendation. As expected, the proportion of homes 
with recommendations decreases as the current window performance improves. The 
broad trends for double-, secondary-, and triple/high performance glazing are very 
similar, although it should be noted that the sample sizes for the latter two types are 
small. Within SAP, glazing improvements are typically considered for dwellings 
where multiple glazing accounts for less than 80% of the windows(10) (indicated by 
the vertical dashed line). However, recommendations only approach 100% for homes 
when multi-glazing is half of the total window area or less. For example, 12,009 
houses are identified as having 40% single-glazed windows; 39.7% of these do not 
include a recommendation to replace the glazing. Across the sample as a whole, 
11.4% of the total single-glazed area is in houses without a recommendation to 
replace or improve the windows. 

Building Characteristics 
Figures 2-4 show the building improvement potential of the stock alongside the 
current envelope characteristics. However, each graph relies on data that originates 
from the EPCs. Consequently, the observed trends cannot readily be scaled up to 
the rest of London. Next, the model was examined to look at the relationships 
between the same recommendations and the wider building data available for all of 
3DStock. Figure 5 shows how the proportion of houses with roof, wall, and glazing 
recommendations (in blue, green, and red respectively) vary with different building 
characteristics. The y-axis represents a normalized value, scaled to the overall 
proportion for each improvement type (shown in brackets in the legend). So, for 
example, the red line shows that 74.3% of 5-storey houses have a glazing 
improvement recommendation, compared with 11.7% of 1-storey houses (calculated 
as 3.54 x 21.0%, and 0.56 x 21.0% respectively).  
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Figure 5 – Distribution of wall, glazing and roof recommendations for houses 
with different characteristics 
Since heat loss through an element of a building’s envelope is directly dependent on 
its area, it is unsurprising that Figure 5 shows that built form influences the 
improvements. However, the variables are not truly independent. For example, as 
height increases, buildings become more compact and the walls account for a larger 
proportion of the total exposed surface area. This partly explains why roof 
recommendations fall with increasing height, while glazing recommendations rise. 
The latter effect is amplified by the fact that the mean multi-glazed proportion drops 
from 91.5% for single-storey houses, to 33.9% for 5-storey buildings. Interestingly, 
unlike glazing and roofs, wall improvement recommendations are steady with built 
form. 
Construction age impacts on the suitability of building improvements by acting as a 
proxy for the thermal performance of the building envelope. This occurs directly, 
since assumed as-built U-values in RdSAP are partly determined by the building age, 
but also indirectly, since the proportion of dwellings with insulation and multi-glazing 
vary with age. For example, 39% of pre-1837 houses are fully single-glazed, 
compared with less than 10% for houses built post-1918. Of course, as building 
design is influenced by regulations and architectural trends, other attributes also vary 
with construction age. 

London 
There are almost 1.5 million houses in London, so the sample of properties with 
EPCs considered in Figures 2-5 account for just over a third of the total. This paper 
concludes with a simple estimation of the overall glazing, wall and roof retrofit 
potential for houses in London. Since, EPCs are linked to building sales and rentals, 
it is possible that the sample will have a bias towards modern buildings compared 
with the total stock. Therefore, the potentials were estimated by scaling up the 
construction date-recommendation observed trends from Figure 5. Figure 6 shows 
the resulting estimates of the number of houses, and proportion of houses suitable 
for improvements, plotted at an MSOA-level (Middle Layer Super Output Areas are 
census areas, each containing 2,000-6,000 households). 
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Figure 6 – Estimates of total roof, wall and glazing recommendations for all 
houses in London 
The results suggest that wall, roof, and glazing improvements might be suitable for 
78%, 30% and 20% of houses in London respectively, although this varies 
considerably between boroughs. The range is particularly large for glazing, from over 
50% of homes in Westminster, and Kensington and Chelsea to below 15% in 
Havering, Hillingdon, and Barking and Dagenham. In contrast, roof recommendations 
fall into a narrower band, with maximum and minimum values of 32% and 21% 
respectively. Of course, the number of houses per borough is driven by factors like 
the area and urban density. Inner London has an average of 23 thousand houses per 
borough, compared with 59 thousand for Outer London boroughs. This is reflected in 
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the ‘number of houses’ maps, which show fairly consistent geographic trends across 
all three improvement types, compared with the ‘percentage of houses’ maps. 

5.0 Conclusion 
This paper presents an analysis of almost 600,000 houses in London. The current 
condition of the stock and retrofit potential, have been examined with a focus on the 
building envelope. The study has been undertaken using data from EPCs in 
conjunction with 3DStock, a new highly detailed urban model(8). This approach has 
enabled the stock to be assessed, not simply in terms of considering the aggregate 
number of dwellings with different characteristics, but also quantifying the envelope 
areas at an individual building level. Indeed, the available data means that the 
analyses could have examined individual elements in far more detail; considering the 
orientation of external walls, for example, or relating the envelope improvement 
recommendations to conservation areas. 
After a brief overview of the overall EPC recommendations data, the paper presents 
the distributions of roof, external wall, and glazing types for the sample, alongside the 
proportion of properties deemed suitable for improvements by EPC assessors. The 
analyses reveal the huge retrofit potential, but also quantifies the magnitude of low-
efficiency roof, wall and window areas without recommendations. For instance, a 
ninth of the single-glazed window area is estimated to not have a corresponding 
‘glazing improvement’ recommendation. Equivalent estimates are presented for 
poorly insulated roofs and walls. It is well understood that the technical potential for 
energy efficiency retrofits is only a portion of the entire stock (and the practical 
potential is a further subsection of this(6)), so this result may simply reflect the reality 
of domestic buildings. However, the results highlight the magnitude of under-
performing envelope that this represents. The paper next examines the impact of 
building form and construction date. These variables are available for all properties 
within 3DStock, so the paper concludes by estimating the spatial distribution of the 
total retrofit opportunities for all houses in London. 
The work presented in this paper is part of ongoing research with, and development 
of, 3DStock. A number of areas related to the present analyses are outlined below: 

- Accuracy of the EPCs: As noted at the start of this paper, while the EPC 
database represents a source of large-scale, building-level data, 
uncertainty remains about the accuracy and consistency of the information. 
Checks were included as part of the data processing for this work, as 
described. However, work is ongoing to improve this process, and better 
identify EPCs with unlikely data. 

- Impact of Improvements: The analyses presented here focus on the 
presence, or otherwise, of EPC recommendations. However, in-progress 
work is looking to quantify the impact of such measures for each property. 
This includes estimating the potential energy change, and associated 
factors such as installation costs. 

- Dwellings without EPCs: The estimates of the overall retrofit opportunities 
for London houses presented in Figure 6 were calculated by scaling up the 
recommendation trends for the buildings with EPCs. While this represents 
a large sample (a third of the overall population), work is ongoing into more 
sophisticated approaches for predicting the characteristics of buildings 
without EPCs. 
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It is well understood that improvements to large portions of the housing stock will be 
required as part of the UK’s pathways to meeting its emissions reduction 
commitments(6). Given the magnitude of such a task, and uncertainties about the 
effect of improvements, a greater understanding of the retrofit potential is needed(7). 
Crucially, while the costs and impact of different measures are typically assessed at 
a large scale, the actual work will be carried out on individual properties. Models and 
data capable of accurately representing each specific building at a large urban scale 
will be important tools if the intended improvements to the building stock are to be 
achieved.  
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