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ABSTRACT
A bottom up engineering modelling approach has
been used to investigate the pathways to 2050 low
carbon residential building stock. The impact of
housing retrofit, renewable technologies, occupant
behaviour, and grid decarbonisation is measured at a
local authority scale. The results of this exercise were
visualised using a client web application, or
‘demonstrator,’ which was developed to allow
stakeholders to engage with the modelling process.

INTRODUCTION
The UK government has set an ambitious target of
80% reduction of carbon emissions by the year 2050.
As part of this target, it is predicted that the
emissions related to buildings in 2050 will need to be
close to zero. While the design of new zero carbon
buildings has been researched, the potential for zero
emission retrofit is less well known. As the vast
majority of buildings that will exist in 2050 have
already been built, and the interactions of the carbon
emission reduction methods, such as fabric
improvements, occupant behaviour and renewable
technologies in the urban retrofit design process need
to be researched further.
The Welsh Government have committed to achieving
annual emissions reductions of 3% carbon
equivalents in areas within their competence (WAG,
2010a). The target includes all direct GHG emissions
in Wales except those covered by the EU ETS. In
addition, power generation emissions (covered by EU
ETS) are also included in the 3% target, by assigning
them to the end-user in each of the non-EU ETS
sectors. This is in recognition of the importance of
reducing electricity consumption as part of achieving
sustainability goals. Taking the above into account,
the residential sector becomes a key target area for
reductions as it represent 30% of the emissions
within Welsh Government competence (WAG, 2008)
and the aspiration has been expressed to make all
new buildings “zero carbon” in future.
Other goals include reducing the use of carbon-based
energy by 80-90%, and at least matching electricity
consumption in Wales with power generated from
renewable sources by 2025 (WAG, 2009) which
would translate to more than 30TWh of renewable
electricity and 3TWh of renewable heat per year.

More ambitious views have also been expressed,
which involve generating twice as much renewable
electricity in 2025 as presently consumed in Wales,
and covering all local energy needs by low carbon
electricity by 2050 (WAG, 2010b).
In this context, local authorities in Wales share the
responsibility of improving and maintaining building
stock condition to certain levels of sustainability
(NAW, 2001), and promoting the deployment of
renewable energy schemes in their area (WAG,
2010c). The Welsh residential sector has a larger
share of hard to treat properties compared to the rest
of the UK. This could mean higher potential for
energy efficiency improvements but also higher
associated marginal costs (Baker and Preston, 2006).
There is currently no representative residential stock
model for Wales, and studies quoted in literature
model the region based on data from other parts of
the UK (Hinnels et al, 2007).
In view of the policy targets and stakeholder
responsibilities at the local authority level, it is
necessary to obtain a more accurate portrayal of the
sector in order to address stock-specific constraints
and opportunities in Wales. Recent research has used
a top-down model to derive insights on the impact of
retrofit measures at local authority level (Gandhi et
al. 2012). Focusing within the local authority at a
lower level, this bottom-up approach goes one step
further to demonstrate the possibility of providing
policy makers and stakeholders at the local level with
valuable information on the potential for retrofit
based or area specific data.
Background
Modelling the energy use of buildings at an urban
level has been undertaken for many years, and
different models have been created of which the
majority fall into one of two approaches, top down or
bottom up (Swan and Ugursal, 2009).
Top down is commonly used as a statistical model of
the built environment based on demographic data
from sources such as the census and other national
datasets. This information is applied at lower levels
of geography to give area-based resolution of the
modelling. Examples of top down include the UK
Department of Energy & Climate Change (DECC)
2050 calculator (DECC 2011), The Economics of

Low Carbon Cities (Gouldson et al, 2012), DeCarb
(Natarajan, 2007).
Bottom up models, sometimes known as engineering
models use data on individual buildings that are
aggregated up to the larger scale. The individual
buildings can be grouped together or classified into
archetypes to aid the data collection and modelling
process (Jones, et al, 2007)
A model that attempts to bridge the gap between
academic endeavour and the public is the DECC
2050 calculator, an emission model for all sectors of
the UK economy, which considers a number of
options for each sector based upon economic and
energy models .

SCENARIOS AND PATHWAYS
Many pathways and scenarios have been created to
show how emission reduction targets can be
achieved, for example, Carbon Trust “Building the
future today” (Carbon Trust, 2009), but they are
generally based on a top down approach. Therefore,
they tend to give broad guidance on the impact of the
work on the ground. In this work, a framework has
been developed to take these top down approaches
and merge them with a bottom up model of a large
urban area based on the Energy and Environmental
Prediction (EEP) model (Jones, et al, 2000).
The grid decarbonisation pathways chosen for the
modelling process have taken data and waypoints
from the UK Energy Research Centre (UKERC)
2050 Carbon Pathway (DECC 2011). Concepts
regarding affordability of energy efficiency measures
have been taken from the Carbon trust “Building the
future, today” research (Carbon Trust, 2009).
The outcome of the scenario analysis was three
example possible future scenarios:
Scenario 1 – Faint Hearted
Generally business as usual, some minor attempts to
decarbonise the grid and continued slow energy
efficiency update.
Scenario 2 – Low Carbon Reference
The government invests in partial decarbonisation of
the grid through reduced dependence on fossil fuels.
Large investment in energy efficiency and small
scale renewable, some change in occupant behaviour.
Scenario 3 – Super Ambitious
The government invests in full decarbonisation of the
grid through renewable, nuclear, and huge
investment in energy efficiency and small scale
renewable. There is also large scale change in
occupant behaviour.
Each of these scenarios can be broken down into four
components that have an impact on the emissions of
buildings; the electric national grid, small-scale
renewable technologies, energy efficiency and
occupant behaviours. Choices for these components
are introduced in the model through sliders, covering

the range of change corresponding to the scenarios
described above.
The Grid
The supply of energy in the UK is usually through
the national grid, which uses a mix of fuel sources to
generate electricity. This mix, which includes fossil
fuels, has an overall emission rate for each unit of
energy delivered to houses. The government plans to
reduce this emission rate by decarbonising the grid.
This slider represents the government policy range
from business as usual Faint-heart with 0.422 kg
CO2 per kWh to super ambitious decarbonisation
with 0.08 kg CO2 per kWh.
Renewables
Small scale or building renewable energy systems
can help to reduce the carbon emissions of buildings.
This slider selects the number of photovoltaic panels
installed on buildings, from around 10% to over 80%
of houses having some or their entire roof covered in
panels.
Energy Efficiency
There are simple measures currently available to
reduce energy use in the home. These include loft
insulation, new boilers, double glazing and low
energy lighting. However, if houses are to reach the
targets set by the government, options that are more
expensive need to be considered, for example
external wall insulation. This slider varies from a
business as usual scenario to 100% uptake of simple
measures and to a nearly 100% uptake of expensive
options.
Occupant Behaviour
The way people use their houses has an impact on
energy use. This slider changes the indoor
temperature of the house set by the occupant; it
varies from 21 degrees C to 17 degrees C
representing a business as usual scenario to large
scale change in user behaviour, i.e. lower expectation
for indoor temperatures and more clothes worn.

CASE STUDY AREA
The area chosen for the case study is Neath Port
Talbot County Borough Council (NPTCBC). Based
on DECC estimates (DECC, 2007) NPTCBC
contains 4.7% of the households in Wales, which
compares well with UK National Atmospheric
Emissions Inventory (NAEI) data (NAEI, 2008)
attributing 4.4% of domestic emissions to the area.
Domestic EEP Database
The data used in the case study area is based on the
surveyed properties entered into the EEP database.
The list of domestic properties for the county
borough was generated from the Postal Address File
and the Ordnance Survey Addresspoint file supplied
by NPTCBC. This contains 58,041 domestic
properties of which 55,148 have been entered into the

EEP database. The properties missing were not
surveyed due to incorrect addresses, nondomestic
properties, hidden from view derelict and very
isolated rural properties.
The ages of the domestic properties have been
grouped into four major periods of building
construction. The breakdown of property ages in
Wales and NPTCBC figures 1a and b, shows
NPTCBC has more pre 1919 properties (33% to
35%) and less post 1964 properties (25% to 23%),
when compared to the Welsh figures.

Figure 1a Property age breakdown for Wales

Figure 1b Property age breakdown for Neath Port
Talbot

Figure 1c Heating fuel type breakdown for Neath
Port

Domestic properties in NPTCBC are predominately
two storeys (83%), with single storey (16%) and
three storeys (1%) making up the remainder. The fuel
used for space and water heating was established
from a household questionnaire sent to 2,000
households, which asked occupants in NPTCBC
questions relating to, heating type and fuel, age of
heating system and if any energy efficiency measures
are installed. The breakdown for fuel type is shown
in figure 1c.

METHODOLOGY
The web application or demonstrator aims to provide
a clearer understanding of how urban transitions can
be undertaken to achieve UK and international
targets to reduce carbon emissions. It enables
researchers and stakeholders including policy makers
to look at how the spatial and temporal distribution of
energy efficiency measures may impact upon likely
regional outcomes for a given future state. This takes
the form of a spatio-temporal exploration and
visualisation tool for building-level energy efficiency
modelling outputs such as the energy rating of the
building, the likely energy demand of the building
and the related CO2 emissions. A finite series of
modelled scenario permutations have been ‘pre-built’
thus providing a controlled number of parameters to
be interactively altered in order to explore the spatiotemporal consequences of various policy measures.
Demonstrator development
The demonstrator, developed at the EDINA National
Data Centre, University of Edinburgh as part of the
JISC-funded Spatio-Temporal Energy Efficiency
Visualisations (STEEV) project, is a JavaScript client
application which uses Open Layers as the
mechanism for displaying the map data over the web.
It also deploys a Web Map Service with temporal
querying capabilities (WMS-T) to deliver Ordnance
Survey open mapping products via the Digimap
OpenStream API. The modelled energy efficiency
variables are held in PostGIS (an open source spatial
database extension to PostgreSQL)
Initially the design was built upon the DECC 2050
idea of standard user interface objects such as sliders
and buttons to allow the user to interact with the
modelling. This was combined with a web-based
interface to allow the users to spatially explore the
scenario process. Such spatial interrogation of georeferenced information is becoming more common
through the use of accessible and user-friendly open
mapping services and utilities from e.g. Google and
Ordnance Survey data.
Usability
During the development phase, a usability review of
the demonstrator was conducted. Several areas of the
web interface were streamlined including making
relationships explicit between the policy-based
scenarios and the customisable scenarios compiled

from the variable set, as well as between the policy
scenario controls and the timeline (figure 2).
Simulation process
The simulation of the urban environment is a
complex process; the EEP methodology simplifies
this by using simple standard energy prediction tools,
and ways of grouping houses together. The grouping
of houses usually follows the type of house e.g.
terraced, semi detached or detached, which is
reasonable for simple problems, but when trying to
predict the energy use of a detached house it could be
two ends of a very large scale, from a labourers
cottage to a mansion. The best way to group houses
in this project is by their size and when they were
built. To do this a number of common house types
are surveyed, and the results of these surveys are
clustered together to give groups of houses with
similar energy predictions.
The EEP model uses the UK government specifies
the Standard Assessment Procedure (SAP) (BRE,
1998) as the method for measuring the carbon
emissions for electric lighting, space and water
heating related to residential building stock. The
model within EEP has been adapted to allow the
modelling of fabric retrofit, building integrated
renewable technologies and occupant behaviour. The
EEP model allows for “what if” functions to target
different retrofit options, and this capability has been
developed further using the aforementioned
combination of a web user interface and a web
mapping tool. This demonstrator allows the user to
explore the relationship between the factors in both a
spatial and temporal manner; the results can be
exported to Google Earth or other open geo-utilities
for further analysis whilst also allowing an individual
building or a small area to be tracked through time.

As a large numbers of dwellings are considered when
studying a city or region, it is important that the
information about each dwelling is easily collected
and modelled. A procedure was developed for use
within the model that groups together dwellings with
similar energy performance characteristics creating
‘house types’. This needs fewer calculations when
the whole or large sectors of the local authority are
investigated. For example, if all houses within an
area can be reduced to 100 types, then subsequent
calculations only have to deal with 100 house types
and not every house (for example, 55,000) in the
area. This allows real time calculations to be carried
out, such as estimating the consequences of applying
specific energy saving measures.
A cluster analysis technique was used to identify
dwellings with similar energy consumption and
carbon dioxide emissions. The cluster analysis
procedure ‘forces’ dwellings into a specified number
of groups or ‘clusters’ based on selected built form
characteristics and the age of the dwelling. The five
characteristics used to describe an individual
dwelling in order to create clusters are:


heated ground floor area (m2);



facade (m2);



window to wall ratio;



exposed end area (m2);

 property age.
These features are considered to have the greatest
influence on domestic energy performance. Other
features, such as heating system, insulation level,
percentage of energy efficient lighting, type of
glazing were estimated from the age of the property
and were used within the SAP calculations.

Figure 2 Web based demonstrator

Clustering results
In this case study 100 clusters were by date of
construction, 34 for pre 1919, 13 for 1919 to 1944,
27 for 1945 to 1964 and 23 for post 1964. These
numbers reflect the age breakdown for the local
authority area. When the clusters are applied to the
case study area, it was found that fourteen clusters
represent over 67% of the dwellings, and cluster 55
represents 13.6% of the dwellings (Table 1).
Table 1
Clustering breakdown for case study area
Cluster Number

Built Age

Percentage

55

1945 - 1964

13.6%

4

Pre 1919

8.6%

2

Pre 1919

8.4%

36

1919 - 1944

7.4%

88

Post 1964

4.9%

82

Post 1964

3.9%

22

Pre 1919

3.3%

58

1945 - 1964

3.2%

94

Post 1964

2.8%

8

Pre 1919

2.6%

7

Pre 1919

2.3%

11

Pre 1919

2.3%

5

Pre 1919

2.2%

57

1945 - 1964

2.1%

75 clusters with less than 2%

32.3%

An example of one of the clusters shown in Table 1,
in this case cluster 88 (figure 3), this type of building
is a 100m2 two storey brick cavity wall construction
semi detached house built during the period 1945–
1964.

Figure 3 Example of cluster 88 dwelling

Modelling approach
The SAP modelling method is based on the
BREDEM model (Anderson, 2001) and uses a
monthly steady state energy balance model of a
building to calculate the space and water heating
demands for typical occupancy pattern and climate
conditions. The efficiency and the Carbon dioxide
emission rate of heating and lighting systems are then
applied to the heating demands to give an emission
rate for each dwelling.
A SAP result was calculated for each of the 100
‘house types’ found in the NPTCBC data. Further
SAP analysis was undertaken to allow for the effect
of the different combinations of the three
interventions considered: small-scale renewable
technologies, energy efficiency, and occupant
behaviour, results for this further analysis on a
sample cluster shows that the reductions in carbon
emissions can vary greatly (figure 4).

Figure 4 SAP analysis for cluster 88 for all the
scenarios
The groups of houses are then modelled using the
SAP technique to give a baseline or start point. From
this baseline these groups of houses are modified to
improve the energy efficiency, bolt on solar panels
and take into account potential changes in the
occupant’s behaviour. A more detail description of
the changes considered are shown in table 2. For
example, it has been assumed that the occupants
might accept low inside temperatures by wearing
more clothes.
The prediction of energy use for each of these
modifications is undertaken then applied to each of
the houses in the sample area, in this case most of the
houses in Neath Port Talbot, South Wales (around
55,000).
Occupant behaviour also has an impact on whether a
particular type of modification will take place. This is
represented in this project by trigger points for ten
year steps from 2020 to 2050. The trigger points
represent occupant behaviour year by year, and are
associated with the likelihood of an occupant
undertaking energy efficiency measures. The impact
of energy efficiency measures is modelled by a series
of trigger points that end with all the houses in the

Table 2
Factors for the pathways
PARAMETER

LOW SETTING

MIDDLE SETTING

HIGH SETTING

The grid

Faint-heart
0.422 kg CO2 per kWh

Low carbon reference
0.225 kg CO2 per kWh

Renewables

By 2050, 32 % uptake of
small solar panels, 16 %
uptake of large solar panels

By 2050, 48 % uptake of
small solar panels, 24 %
uptake of large solar panels

Super Ambition
decarbonisation
0.08 kg CO2 per kWh
By 2050, 80 % uptake of
small solar panels, 40 %
uptake of large solar panels

Energy
efficiency

By 2050, 40 % uptake of
cost effective energy
efficiency, 32 % uptake of
non cost effective energy
efficiency

By 2050, 60 % uptake of
cost effective energy
efficiency, 48% uptake of
non cost effective energy
efficiency

By 2050, 100 % uptake of
cost effective energy
efficiency, 80 % uptake of
non cost effective energy
efficiency

Occupant
behaviour

Room temperature 20 deg C

Room temperature 19 deg C

Room temperature 17 deg C

area having at least simple energy efficiency
measures, and 50% having a more expensive energy
efficiency measure such as external insulation
cladding.

DISCUSSION
The task was to model 55,000 houses over 50 years
in ten year steps, for 625 different scenarios, as sum
total of around 172 million calculations and 9 GB of
data. The modelling process was more complex than
initially thought, and with hindsight, perhaps the
sample should have been smaller.
Overall scenario results
Each of the factors investigated was given 5 levels of
performance, from business as usual, faint-heart, low
carbon reference, ambition decarbonisation, to super
ambition decarbonisation. The overall results of the
625 scenarios show that only 10 have an outcome
that will achieve the initial target of above 80%
reduction in carbon emissions over the baseline of
1990 (figure 5).

Figure 5 Overall carbon emissions reductions for all
scenarios

The ten successful scenarios all had the grid
decarbonisation and occupant behaviour set to the
highest level of change. The energy efficiency uptake
was the next important factor with the settings from
low carbon reference to super ambitious achieving
the target. The least significant factor is the small
scale renewable technology.
The results of the simulations have been compiled
and as part of the STEEV interface three sample
scenarios have been selected for users to explore.
These three sample scenarios show a reduction of


25 % for the “Faint Hearted”,



52% for”Low Carbon Reference”



78% for Super Ambitious

Bottom up results
Scenarios are considered successful when the overall
target is achieved, yet at a bottom up level, where
information is available at a house level, the different
scenario outcomes can reveal the spread of
reductions achieved.
Two of the successful scenarios (scenario 615 and
scenario 525), have been analysed at the dwelling
level. In (scenario 615) the grid decarbonisation, the
small-scale renewable technology and occupant
behaviour are set to the highest level of change. The
energy efficiency uptake was set to the middle level
of change. In (scenario 525) the grid decarbonisation,
energy efficiency uptake and occupant behaviour are
set to the highest level of change. The small-scale
renewable technology uptake was set to the lowest
level of change.
The distribution of the carbon reductions for the two
scenarios (figure 6) shows that some dwellings are
over achieving whilst others are under achieving.
These differences can be investigated at a finer detail

geographical level by downloading the results from
the STEEV interface and viewing the data within a
Geographic Information System (figure 7).

Figure 6 Carbon emissions for dwellings based on
sample scenarios (scenario 525 and 615)

The overall outcomes of these scenarios at a local
authority level can be investigated at a lower level
allowing the user to explore and display a variety of
changes in the scenario make up. Whilst the overall
target may be achieved in a target area, in one of the
successful scenarios 22% of the dwellings reduce
carbon emissions by less than 80%. The cases where
energy consumption and emissions are not
sufficiently reduced by the measures described, could
be targeted for further more significant retrofit
options.
This type of modelling can provide a useful measure
of the impact of retrofit methods, but it also suggests
that new methods need to be considered for
retrofitting urban environments. These benefits must
be set against the considerable effort required to
create the base data required by a bottom up
modelling approach.
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