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“The answers we have found only serve to raise a whole set of new
guestions. In some ways we feel we are as confused as ever, but we believe

we are confused on a higher level and about more important things...”

Earl C. Kelley



Abstract

This thesis describes the development of a Reduced Data Dynamic Energy
Model (RADEM) for simulating the energy performance of UK houses. The
vast quantity of Energy Performance Certificate (EPC) data stored at the

national scale provides an unprecedented data source for energy modelling.

The majority of domestic energy models developed for the UK houses in
recent years, including the Standard Assessment Procedure (SAP) model
used for generating EPCs, employ BREDEM (Building Research
Establishment Domestic Energy Model) based steady-state calculation
engines. These models fail to represent the transient behaviours that occur
between building envelope and systems with external weather conditions and
occupants. Consequently, there is an ongoing debate over the suitability of
such models for policy making decisions; which has raised the interest in

dynamic energy models to overcome these shortcomings.

The RADEM eliminates the main drawback associated with dynamic energy
modelling, namely the large amount of required input data compared to
steady-state models, by enhancing a reduced set of data which was originally
collected for EPCs. A number of new inferences and methodological
enhancements were tested and implemented in the RADEM using a sample
of semi-detached houses. In this way, SAP equivalent input data could be
converted automatically for use in dynamic energy modelling software,

EnergyPlus.

Simulations of indoor air temperatures and space heating energy demand
from the RADEM were compared to those from SAP for 83 semi-detached
houses. The comparison was also carried out with more detailed models, on
a sub-set of the modelled dwellings. Finally, the predicted energy savings
that resulted from energy efficiency improvements of the dwellings were
compared and estimated potential for saving energy from the RADEM was
guantified.



The results show that it is technically feasible to develop dynamic energy
models of these houses using equivalent inputs. In the majority of cases, the
RADEM predicted lower indoor air temperatures than SAP, and consequently
the energy demands were lower. The RADEM predicted annual space
heating demand to be lower than SAP in 72% of the houses, however the
difference was less than 10% in 94% of the houses. The RADEM predicted
slightly higher (< 2%) energy saving potentials compared to SAP when the

same set of energy saving measures were implemented in both models.

The development of these new methods for automatically creating SAP
equivalent inputs from reduced data but for use in a dynamic energy model
offers new opportunities for inter-model comparisons as well as a dynamic
alternative to the SAP when variations in energy demand and indoor air

temperatures are required.
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1. INTRODUCTION

1.1. Background

The scientific community has widespread agreement that changes to the
global climate are taking place, primarily due to an increase in anthropogenic
greenhouse gases, and human societies will be required to adapt to these
changes (Hulme & Jenkins, 1998; Royal Commission on Environmental
Pollution, 2000; IPCC, 2001; and McCarthy et al., 2001). The main
greenhouse gases are carbon dioxide (COz2), methane (CHa4), nitrous oxide
(N20), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur
hexafluoride (SFe). Each of these gases adds to global warming to a varying
extent. Carbon dioxide is the most important greenhouse gas, due to its vast
concentration in the atmosphere and its long atmospheric lifetime (IPCC,
2001).

The scientific evidence in support of anthropogenic climate change is now
overwhelming (IPCC, 2007). In the latest IPCC report (IPCC, 2017), the
importance of preventing scenarios to be implemented by all governments is
highlighted. The global community is warned that, failure to implement
effective policies would result in significant changes. These changes
including: a 2 to 3.5°C increase in average annual temperature by the 2080s;
an increase in the frequency of high summer temperatures; an increase in
winter rainfall; a rise in the relative sea level around most of the UK’s
shoreline; and an increase in the temperature of UK coastal waters (Hulme et
al., 2002). All of these effects will have potentially significant socio-economic
and political impact in the UK. If such disruption to the global climate system
is to be minimised, significant reductions in CO2 emissions will be required

during this century (Johnston, 2003).

As a part of 2008 Climate Change Act, the UK government made a
commitment to reduce the greenhouse gas emissions by at least 80%
compared to 1990 levels by 2050 (Office of Public Sector Information, 2008).

The Climate Change Act which was initially targeted to reduce emissions by



26% by 2020 was later tightened to 34% (Office of Public Sector Information,
2009). Figure 1.1 shows the contribution of each sector to the total UK

carbon dioxide emissions.
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Figure 1.1 Contribution of different sectors to the UK’s total carbon dioxide
emissions of 2011 (DECC, 2012)

Achieving the Climate Change Act targets will require substantial reductions
in energy consumption in different sectors; though reductions in the domestic
sector are considered to be “relatively low cost” and “realistically achievable”
(Committee on Climate Change, 2008). Since 1990, emissions from fossil
fuel use in the residential sector have fluctuated but in 2010 they were 8%
above the 1990 level (DECC, 2011c). In 2010, the UK residential sector
emissions of carbon dioxide increased by 13.4% compared to the previous
year (the highest rise for any single sector) due to a considerable rise in
residential gas use for space heating as 2010 was on average the coldest
year since 1986 (DECC, 2011c). In 2013, the emissions from this sector were
estimated to be 3% below the 1990 level (DECC, 2014).

The energy consumption of UK residential buildings accounts for 31% of
national energy consumption (Figure 1.2), which is the largest proportion in
Europe (Saidur et al., 2007). The UK’s housing stock is one of the oldest and

least efficient in Europe (Boardman et al., 2005) and the majority of energy



consumption in UK dwellings is due to space heating which in 2009
accounted for 61% of the total energy consumption in the domestic sector
(DECC, 2011a).
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Figure 1.2 Residential energy consumption shown as a percentage of national

energy consumption and in relative international form (Saidur et al., 2007)

The recognition of the domestic sector’s significance in reducing greenhouse
gas emissions has led to an ongoing development of technologies to reduce
energy demand from the housing stock. In order to develop the policy
required to meet the criteria set by the Climate Change Act, it is important to
try to predict the potential impact that these technologies can have on energy
consumption and the resultant CO2 emissions. The reliable prediction of the
impact of the energy saving technologies requires a detailed model of energy
and emissions from the housing stock.

The increasing power of personal computers, their reasonable price and
increasing need for computer-based analysis have resulted in a considerable
increase in the number of building energy-analysis tools in recent years
(Neymark et al. 2001). An on-line directory (BETD, 2014) supported by US
Department of Energy (DOE) lists more than 200 building energy software



tools developed worldwide that have thousands of users. The main reason
for the increasing number of building energy software tools is regulations
imposed by governments which require various government bodies and
organisations to use computer-based analysis (Raslan & Davies 2012). A
good example is the Directive on Energy Performance of Buildings (EPBD)
which was introduced by the European Union (EU) to speed up the process
of adopting performance based energy standards in buildings. The EPBD
urges member states to adopt a National Calculation Methodology (NCM) in
order to demonstrate that buildings comply with energy performance
standards and to provide computer based tools to enable this (Raslan &
Davies 2012).

1.2. Justification of the Research

The National Calculation Methodology (NCM) for dwellings in the UK is SAP
2012 (SAP, 2012), which is based on Building Research Establishment
Domestic Energy Model (BREDEM) and uses monthly steady-state
calculations to estimate energy consumption and carbon emissions. Many
studies have investigated modelling tools and their capabilities (Crawley et al.,
2008; Gale, 1990; Kenny and Lewis, 1995) and still there is debate over the
suitability of steady-state models in policy making decisions (Schwartz and
Raslan, 2013). The steady-state models are not capable of taking into
consideration the complex, interdependencies, and dynamic nature of the
energy consumption and carbon emission (Oladokun and Odesola, 2015). A
recent study (Kane et al. 2015) criticised the use of simple steady-state
models by stating that these kind of models were used traditionally to enable
the equations to be solved manually. However, we no longer need to
understand mathematics of model and it is time to adopt a more realistic

approach to modelling housing stock.

Dynamic modelling of the UK dwellings, using well-established simulation
software such as EnergyPlus (EnergyPlus, 2015) has the potential to
overcome these shortcomings and provide insight into the transient energy-



use and thermal behaviours, such as peak heating loads and indoor air
temperature extremes. The main issue associated with use of dynamic
modelling of dwellings is the increased amount of input data required,
compared to simple steady-state models. There are currently no datasets of
the UK housing stock that contain sufficient data for dynamic simulation, and
considerable additional expense would be required to collect all of the

additional detailed data required to achieve this.

There has been little research to investigate the possibility of developing
robust dynamic energy models of UK dwellings using only the available
reduced datasets. Therefore, this research was conducted to answer the

following questions:

i. Is it technically feasible to develop robust dynamic energy models of

UK dwellings using available (reduced) datasets?

ii. How close will the estimates of such dynamic energy models be to the
results of equivalent steady-state models and to more detailed dynamic

energy models?

1.3. Aim and Objectives

The overall aim of this research was to develop a Reduced-data Dynamic
Energy Model (RADEM) that is capable of simulating the transient energy

and thermal behaviours of UK dwellings.

The following objectives were undertaken to meet this aim:

1) Identify and review literature on the modelling approaches that could be
used to forecast energy use and CO2 emissions in the UK dwellings, and
perform a critical analysis of the work that has been undertaken to utilise

available reduced data for energy modelling purposes.



2) ldentify a suitable dataset of UK dwellings to be used as the source of
modelling data.

3) Develop and test a data preparation process that will enhance the
reduced data in order to produce an equivalent set of detailed data that is

suitable for dynamic energy simulation.

4) Develop and run a reduced data dynamic energy model of UK dwellings
that translates the prepared data into a form suitable for dynamic

simulation using established models.

5) Compare the results of the reduced data dynamic energy model with
those from equivalent steady-state models.

1.4. Contribution to Knowledge

This is, to the author's knowledge, the first dynamic energy modelling
exercise to be undertaken using the EPC data for a set of UK dwellings.
Automating the data enhancement and translation processes eliminates the
additional time and cost associated with collecting further data and modelling
each of the homes individually. The reduced data dynamic energy model
introduces a set of new methods for enhancing reduced data in order to
create equivalent detailed geometry and zoning information. These methods
enable a unique inter-model comparison to be carried out across 83 buildings,
demonstrating that similar results can be obtained from different models
when the inputs are equivalent. Ultimately, the techniques developed here
can be used to provide new insights into the transient aspects of energy use
and indoor air temperatures in the UK housing stock and therefore, the model

has value as both a policy and a research tool.



1.5. Outline of the Thesis

e Chapter 2 presents the literature review which was conducted for this
study. This covers the existing steady-state and dynamic energy models
developed for the dwellings with focus on strength and weakness of each

model, technical specifications, and the input data sources.

e Chapter 3 provides an overview of the methodology to develop the
reduced data dynamic energy model and describes the source of the

input data.

e Chapter 4 describes the zoning and geometry enhancements made to
the reduced input data in order to develop detailed geometry and zoning

information.

e Chapter 5 describes the process of developing the equivalent
construction materials and, inside and outside boundary conditions that

were suitable for dynamic energy simulation.

e Chapter 6 describes the translation process and how the modelling
process was verified. The chapter also presents the results and compares
them to equivalent steady-state models.

e Chapter 7 discusses the achievements against the aim and objectives
alongside the contributions to knowledge. The limitations of the work are
guantified, and the application of the modelling framework developed in

this thesis is expanded for academia, policy makers and industry.

e Chapter 8 summarises the main conclusions from the studies and

investigations undertaken as part of this thesis.



2. LITERATURE REVIEW

2.1. Introduction

This chapter presents the context for development of the Reduced Data
Dynamic Energy Model (RADEM) of the UK dwellings, in pursuit of Objective
1 (Identify and review literature on the modelling approaches that could be
used to forecast energy use and CO> emissions in the UK dwellings, and
perform a critical analysis of the work that has been undertaken to utilize
available reduced data for energy modelling purposes). The chapter starts
with a description of the Energy Performance Certificates (EPC) which
provide a rich source of reduced-data for the UK housing stock. The chapter
continues with a critical analysis of existing modelling techniques for
dwellings and also other models that have used reduced-data datasets. The
detailed description and critical analysis of eight prominent steady-state
models developed for the UK dwellings as well as four dynamic energy
models of the dwellings are also provided in this chapter. The chapter
concludes with a description of data translators that have been created for

the purpose of energy modelling of the housing stock.

2.2. Energy Performance Certificate (EPC)

2.2.1. Context

Following the oil crisis of 1972-1979, the first World Climate Conference took
place in 1979, which was consequently resulted in the setting up of the Inter-
Governmental Panel on Climate Change (IPCC) in 1988. The IPCC’s first
report assisted the formation of the United Nations’ Framework Convention in
1992 in Rio. The IPCC’s second report, which was published in 1995,
highlighted the ‘human influence’ on global warming. It was this report that

eventually resulted in the creation of the Kyoto Protocol of 1997 (which came



into force in 2005). The initial form of Kyoto Protocol insisted on overall 5%
reduction in greenhouse gas emissions (Watson, 2009).

The EU produced a European directive: 2002/91/EC Energy Performance of
Buildings’ to assist in achieving the Kyoto protocol goals (European Union,
2002). This was followed in the United Kingdom by development of the White
paper: ‘Our Energy Future — Creating a Low Carbon Economy’ in 2003,
which insisted on reducing CO2 emissions by 60% by 2050, compared to
1990 levels. The EU directive led to a series of legislation across Europe, as
the main requirement, which was to produce Energy Performance

Certificates (EPCs) for dwellings and residential buildings.

In the UK, the Housing Act (2004) for the first time made it compulsory to
present EPC and improvement recommendations when an existing home
was let or sold. In 2006 it was also made compulsory for new built dwellings
to have EPC. The EPCs include both energy rating and Environmental
Impact (El) rating (Figure 2.1). A full example of an EPC is presented in
APPENDIX A.

Energy Efficiency Rating Environmental Impact Rating

Current |Potential Current |Potential

Very energy efficient - lower running costs Very environmentally friendly - lower COz emissions

(69 to 80) C
(5510 68) (D)
(39 to 54) E

(8110 91)

69 | 71

Not energy efficient - higher running costs Not envir friendly - higher CO; emissi

EU Directive [Eiass EU Directive a8t
England & Wales  , 0001ec s England & Wales . 5501/

RRN: 2818.1067.6225.4349-4980

Figure 2.1 Example of EPC energy and El ratings (RASAP Manual, 2012)

The energy and EI ratings are based on the energy costs and the annual
CO2 emissions associated with space heating, water heating, ventilation and

lighting, less cost savings from energy generation technologies. Both ratings
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are expressed on a scale of 1 to 100. The higher the energy rating the lower
the running costs. In case of the El rating, the higher the number the better
the standard. The ratings are adjusted for floor area so that it is essentially

independent of dwelling size for a given built form (SAP, 2012).

2.2.2. National Calculation Methodologies: SAP and RdSAP

In order to meet the requirements of the EU directive for providing EPCs on
all buildings in England and Wales, a National Calculation Methodology was
developed. This methodology contains two different approved calculation
methods for dwellings: Standard Assessment Procedure (SAP) and Reduced
Data SAP (RASAP). SAP was introduced in the 1995 building regulations in
order to represent the compliance with energy efficiency standards in UK
domestic sector and in 2005 RASAP was introduced as a lower cost method

of assessing energy performance of existing UK dwellings.

i. Standard Assessment Procedure (SAP)

The Standard Assessment Procedure (SAP) underpins the Building
Research Establishment Domestic Energy Model (BREDEM), and is the UK
government's approved methodology for assessing the energy ratings of
dwellings. Designs for new domestic buildings and those with major
renovations are evaluated according to SAP for their estimated energy
consumption and carbon emissions. SAP has been an important
methodology in delivering a number of key energy and environmental policy

initiatives including Energy Performance Certificates (EPCSs).

As is the case for standard energy models in many countries, the calculations
and assumptions contained in SAP are laid out in freely available
documentation. However the implementation of SAP in approved software
such as BREDEM is a ‘black box’, since it is impossible to inspect directly the
implementation (Summerfield et al., 2011).

The SAP calculation is based on the energy balance taking into account a

range of factors that contribute to energy efficiency (SAP, 2012) including:
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e Materials used for construction of the dwelling.

e Thermal insulation of the building fabric.

e Air leakage ventilation characteristics of the dwelling, and ventilation
equipment.

e Efficiency and control of the heating system(s).

e Solar gains through openings of the dwelling.

e The fuel used to provide space and water heating, ventilation and lighting.

e Energy for space cooling.

e Renewable energy technologies.

The SAP calculation is independent of factors related to the individual
characteristics of the household occupying the dwelling like: household size
and composition; ownership and efficiency of particular domestic electrical

appliances, and individual heating patterns and temperatures (SAP, 2012).

ii. Reduced Data Standard Assessment Procedure (RdSAP)

SAP usually requires hundreds of input parameters and it is too complex and
time consuming (and therefore expensive) to collect these data for
assessment of existing dwellings. Hence, a Reduced Data SAP (RASAP),
which required considerably less input parameters, was developed for
assessment of existing dwellings. RASAP was developed in the form of a
spreadsheet which can be accessed and used from www.bre.co.uk/SAP2012.
The RASAP spreadsheet is presented in APPENDIX B. The RASAP employs
extensive inference algorithms which automatically deduce the missing data
(RASAP manual, 2012).

The RASAP is also a system of dwelling data collection, together with
defaults and inference procedures that generates a complete set of input
data for calculation. The calculation using the reduced data is done in two
stages. First the reduced data set is expanded into a full data set, and then
the SAP calculation is undertaken using the expanded data set. The actual
SAP calculation is therefore identical, whether starting from a reduced data

set or a full data set.
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Since the EPCs were introduced and were made a mandatory requirement
for all dwellings sold or rented in England and Wales, researchers have
investigated different aspects of this initiative: from technical advantages and
deficiencies to its effectiveness and impact on energy demand and carbon
emissions reduction. Such research can be categorised into three main
groups: research investigating the impact of EPCs on households, research
investigating the impact of EPCs on energy demand and CO2 emissions, and

research investigating the technical aspects of EPCs.

The first group has mainly looked into social and psychological impacts of
EPCs and the resultant changes made to occupants’ behaviour and space
heating habits. An example of such research is the work carried out by Watts
et al. (2011) on 2000 households in Southampton on the South coast of
England which presented the results of a questionnaire survey with response
rate of 17%. The authors found out that EPCs had little impact on decision
making or price negotiation. Where retrofitting measures have been
undertaken, results were inconclusive as to whether retrofitting was done as
a result of EPCs. Energy efficiency was not found to be a priority for home
buyers. The authors conclude: “Whilst there is an awareness of the scheme
in general, there appears to be limited recognition of its potential” (Watts et
al., 2011).

The second group has mainly focused on the implications of EPCs in
reducing future energy demand and carbon dioxide emissions from domestic
and non-domestic buildings. The majority of such research highlighted the
performance gap between real life data and EPC estimates. The magnitude
of this gap is significant, with reports suggesting that the measured energy
use can be as much as 2.5 times the predicted energy use (Menezes et al.,
2012). Energy efficiency is only one of the various performance aspects of
buildings; it is highly likely that similar performance gaps exist between
predicted and measured indoor air quality, thermal comfort, acoustic

performance, daylighting levels and others (De Wilde, 2014).

The last group of research provide insight to areas of EPCs needing

improvement. Two of the main works in this group are the ones undertaken
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by Khayatian et al. (2016) and Koo and Hong (2015). The former employs a
neural network evaluation technique to investigate accuracy of residential
EPCs. The latter, on the other hand, employs a dynamic rating system to

overcome shortcomings of conventional EPCs.

The methodology of employing Neural Networks for EPC prediction,
suggested by Khayatian et al. (2016) offers an autonomous approach for
detecting anomalies in building energy certificates. The developed model
provides the opportunity to compare the predicted energy performance index
with dynamic energy simulation tools. This process can define a correlation
between steady-state and dynamic simulations with the intention of obtaining
a more realistic overview on the energy consumption trend in the region.
Furthermore, the provided methodology can be adopted to predict the actual

energy performance of buildings.

This study by Koo and Hong (2015) analysed the potential problems of the
conventional operational rating system for existing buildings by using the
statistical and geostatistical approaches and developed the dynamic
operational rating (DOR) system by using the data-mining technique and the
probability approach. The developed DOR system can be used as a tool for
building energy performance diagnostics. The developed DOR system can
be applied for various purposes such as encouraging all the public to
voluntarily participate in energy-saving campaigns, evaluating the historical
trend in the energy performance of existing buildings, estimating the

operational ratings of new buildings in the early design phase.
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2.3. Energy Modelling in Domestic Buildings

In recent years, a variety of models have emerged that are capable of
analysing energy and environmental performance of domestic buildings, and
examining different strategies that are designed to reduce energy
consumption and improve internal thermal comfort. These models are
capable of modelling the complex interactions which occur between building
envelope and systems with external weather conditions, investigate the
influence of various energy demand reduction measures and policies, and
suggest the resultant impact that these strategies and policies may have on
future energy use. As a result, these models are needed in order to
understand which strategies and policies are required, when such strategies
and policies should be implemented, and estimate the potential impact of
their implementation. The available models range from global, international
and national energy models, to more detailed sectoral models. Such diversity
has resulted in these models varying considerably in terms of their level of
detail, their complexity, the data input required by the user, the time periods
covered, their geographical coverage, and the methodological approach
taken (Johnston, 2003). Since describing and critically analysing such wide
variety of models is beyond scope of this theses, the remainder of this
chapter investigates the main energy models which are considered to be of
particular relevance to this study, namely: those that have been developed
for domestic buildings in the UK using a limited set of data.

Energy models of the domestic building stock have been developed for a
number of reasons which include: predicting energy demand in dwellings to
adjust energy supply, identifying the subdivisions of society that consume
more energy and enable policy makers to target high energy users better
when designing demand reduction measures and assessing the potential of

energy efficiency policy (Kane, 2013).

Techniques to model domestic energy consumption can be broadly divided
into two main groups: “top-down” and “bottom-up”. The terminology is with

reference to hierarchal position of input data as compared to the housing
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sector as whole. The top-down approach considers the residential sector as
energy sink and is not concerned with the individual dwellings (Swan &
Ugursal, 2009). It uses historical statistics of energy use and households on
a national level and estimates the effect of changes in top level factors such
as energy price, climate and macroeconomic indicators such as gross
domestic product, unemployment and inflation on energy consumption of the
whole housing stock (Swan & Ugursal, 2009). Bottom-up models are based
on the principles of building physics and are able to quantify specific changes
to the domestic building stock such as the impact of a national roof insulation

programme.

The main difference between these two approaches is the adopted

perspective (Figure 2.2).
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Figure 2.2 Top-down and bottom-up modelling approaches (IEA, 1998)
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Top-down methods start with aggregate information and then disaggregate
down as far as they can. Since they begin with aggregate data, top-down
methods provide a comprehensive approach to modelling. Bottom-up
methods, on the other hand, start with detailed disaggregated information
and then aggregate this information as far as they possibly can. Since
bottom-up approach only tends to model part of the whole picture, they lack

the comprehensiveness of top-down methods.

Although top-down and bottom-up methods are two different approaches,
they have some similarities. First of all, they are capable of operating at the
same level of disaggregation, and secondly, they both make use of the same
facts, but describe and use them in different ways (Johnston, 2003).

These two modelling approaches are introduced and examples of where they

inform this work given in following sub-sections.

2.3.1. Top-down Modelling Approach

Top-down models take a macroeconomic approach to modelling energy
supply and demand. They concentrate on the interaction between the energy
sector and the economy at large, and use econometric equations to model
the relationships that exist between the energy sector and economic output.
They rely on aggregate economic factors to predict future changes in energy
use and CO2 emissions (IEA, 1998). Top-down models have been developed
to inform policy makers regarding the social and economic drivers for energy
consumption. They seek to improve understanding of how energy use relates
to geographical areas, economic factors, and demographics; how this has
changed historically and what impact policy instruments might have on future
energy use in different segments of the population (O’Neill & Chen, 2001).
Consequently, top-down models purposefully exclude detailed technology
descriptions, as their focus is not on the individual physical factors that can
influence energy demand, but rather on the macroeconomic trends and

relationships (MIT, 1997). Therefore, the data input required for top-down
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models consist of econometrically based data, such as Gross Domestic
Product (GDP), fuel prices, and income.

Top-down modelling techniques are mainly appropriate for modelling the
societal cost-benefit impacts of different energy and emissions policies and
scenarios (MIT, 1997). Therefore, they have been widely used in the UK by
Government organisations to identify future trends in energy use and CO:2
emissions and to study the effects of macroeconomic policy decisions on the
various factors that drive energy use. Such organisations include: the
Department of Energy in Energy Papers 39 and 58 (DoE, 1979a, 1979b &
1990); the Departments of the Environment and Transport in Research
Report 33 (DENn&T, 1981); the Department of Trade and Industry in Energy
Papers 59, 65 and 68 (DTI, 1992, 1995 and 2000); and by the Department of
the Environment Transport and the Regions (DETR, 1998). However, the
models developed by these organisations generally do not identify energy
demand at a technological or process specific level (DTI, 1995).

The most significant UK based top down model is MARKEL which is used as
a core policy tool for the UK Government (Kannan et al., 2007) and has been
used to establish pathways to the achieve CO2 emissions reduction goal by
2050 (DECC, 2011b). Druckman and Jackson (2008) developed a socio-
economic model of the UK Local Area Resource Analysis (LARA) which
calculates CO2 emissions at the national and regional levels. Summerfield et
al. (2010) developed two regression models to predict future UK energy
demand. The first model, Annual Delivered Energy and Temperature
(ADEPT), used linear regression on data available from 1970 and the second
model, Seasonal Temperature Energy Price (STEP), used a polynomial

regression and was based on quarterly energy data from 1998.

The strength of top-down modelling approach is that they only require
historical aggregate data which is largely available. The dependence on
aggregate data is also a disadvantage for top-down approach as it doesn'’t
allow modelling discontinues advances in technology. Besides, the lack of
information on individual end-use energy consumption eliminates the ability

to identify main areas for energy demand reduction (Swan & Ugursal, 2009).
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2.3.2. Bottom-up Modelling Approach

The bottom-up approach includes all models that use input data from a
hierarchal level less than that of the sector as a whole. Bottom-up modelling
approach takes a disaggregated approach to modelling energy supply and
energy demand. Models using bottom-up approach can account for the
energy consumption of individual end-uses, individual houses, or groups of
houses and are then extrapolated to represent the region or nation (Swan &
Ugursal, 2009).

Based on the data inputs used by each model, the bottom-up approach can
be divided into a number of sub-groups (Figure 2.3). The common data input
for bottom-up models are dwelling properties such as: geometry, construction
materials, appliances and systems, weather data, internal temperatures and
occupancy patterns. This high level of details is both strength and weakness
of the bottom-up approach. High level of details allows modelling new
technologies and identifying the areas of improvements. However, the input
data requirement of such high level of details is considerably greater than

top-down models and simulation techniques are more complex.

Bottom-up
|
Statistical Engineering
! . : !
Conditional ;
5 Population
Regression :i;;:ig Neural network Distribution Archetype Sample

Figure 2.3 Bottom-up modelling approach and its sub-groups based on input data
[re-created from (Swan & Ugursal, 2009)]

Statistical methods use historical data and regression analysis to assign
dwellings energy consumption to individual end-uses. Once the relationships
between end-uses and energy consumption have been established, the
model can be used to predict the energy consumption of domestic building
stock. Engineering method, on the other hand, explicitly takes the energy

consumption of end-uses into account. In this method, consumption values
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are estimated based on use of equipment and systems, and heat transfer
and thermodynamic relationships (Swan & Ugursal, 2009).

Since customer energy billing information is stored in vast quantity worldwide,
researchers have applied different statistical methods to regress energy
consumption as a function of dwellings characteristics. The main advantage
of statistical method is the ability to separate the effect of occupant behaviour
from model (Swan & Ugursal, 2009). This provides great benefits in domestic
stock modelling as occupant behaviour has been found to vary widely and is
poorly represented by simplified assumptions (Seryak and Kissock, 2003;

Lutzenhiser, 1992; Emery and Kippenhan, 2006).

Three well-documented statistical method techniques as identified in Figure
2.3 are: Regression, Conditional Demand Analysis (CDA) and Neural
Network (NN). Models employing the regression technique regress the
aggregate dwelling energy consumption data onto parameters which are
expected to affect energy consumption and the input data with negligible
effect are removed from model for simplicity. The CDA technique regress
total dwelling energy consumption onto the list of owned appliances. In order
for the CDA technique to produce reliable results, data from hundreds or
even thousands of dwellings are required based on number of variables used.
The NN method uses a simplified mathematical model based on
interconnected parallel structure of neural networks (Swan & Ugursal, 2009).
Among the three statistical method techniques, regression is the least
favoured due to widely varying input parameters in different models and
limited comparison possibility. The CDA, however, is focused on simplified

end-uses and its predictions a comparable among different studies.

The engineering method, in contrary to statistical method, can estimate the
domestic energy consumption without any historical consumption data. The
engineering method has high capability in modelling new technologies with
no historical data. However, occupant behaviour must be included in this
method. The main engineering method techniques (Figure 2.3) are:
Distribution, Archetypes and Sample. The distribution technique calculates

end-use energy consumption of appliances based on common appliances

19



ratings and doesn’t account for interactions between appliances. The
archetype technique broadly classifies the housing stock according to vintage,
size, etc. and scales up the energy consumption estimates from each
archetype to represent national housing stock. The sample technique uses
the actual sample house data to model energy consumption (Swan & Ugursal,
2009). As the variety of houses vary in UK, this technique requires a large
database of representative dwellings. However, if the aim is to study new
technologies and their impact on energy consumption, the engineering
methods are currently the only option. The main drawbacks of the
engineering method are: 1) assumption of occupant behaviour; and, 2) the

high level of expertise required in developing such models.

The data input required for all bottom-up models largely consists of
quantitative data on physically measurable variables like the thermal
performance of walls, the efficiency of a space heating systems, or the
specific energy consumption of appliances. Economic variables, such as
income and fuel prices, are not explicitly modelled within bottom-up methods.
Instead, they are incorporated within the model in terms of their effect on
physically measurable variables, such as mean internal temperatures, the
ownership and usage of appliances and the different fuels that are used
(Johnston, 2003).

The use of physically measurable data within bottom-up modelling
techniques has resulted in these techniques being widely used to suggest the
likely outcome of policies, or to identify a range of technological measures
that are intended to improve end-use efficiencies (Shorrock, 1994).
Consequently, over the last 30-40 years, bottom-up models have been
extensively developed and used by a number of researchers in the UK:
Leach et al. (1979); Barrett (1981); Olivier et al. (1983); Evans & Herring
(1989); Shorrock & Henderson (1990); ETSU (1994); Shorrock (1994 &
1995); DECADE (1994, 1995 & 1997); Evans (1997); Shorrock & Dunster
(1997); Hay et al. (1999); ECI (2000); Letherman & Samo (2001), Shorrock et
al. (2001); and, Johnston (2003).
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2.3.3. Top-down or Bottom-up Approaches?

The top-down and bottom-up approaches each have many commonalities,
similarities and differences, as well as advantages and disadvantages.
Although each approach views the domestic energy sector from a different
perspective, they are in fact complementary to one another, and each
method can give insights into a particular problem that the other may miss
(Shorrock & Dunster, 1997). Consequently, no approach is clearly superior to
the other. Two of the main characteristic differences between these two
approaches are the required input data and range of energy saving scenarios
that can be implemented in each approach. The main advantages and
disadvantages of the three major residential energy modelling approaches
(top-down, bottom-up statistical and bottom-up engineering) are summarised
in Table 2.1.

Swan and Ugursal (2009) discussed all three modelling methods and
concluded that the models are useful considering the current focus placed on
efficient use of energy and technology implementation. When the supply side
is the main point of consideration, top-down models provide great
advantages compared to bottom-up methods. Bottom-up statistical method
takes into account the occupants behaviour and individual appliances which
helps to identify areas of improvement in energy consumption. Finally,
bottom-up engineering models help identify the impact of new technologies
and account for wide variety of housing stock.

Despite the comprehensiveness and macroeconomic coherence that this
approach provides, there are important limitations that make top-down
approach inappropriate for this study. Firstly, top-down models employ
historical economically based input data which is contrary to aim of this PhD
in using reduced data available on individual dwellings. Secondly, top-down
models lack the level of technological detail that is contained within bottom-
up methods. As a result, top-down methods tend to parameterise
technological advance, rather than explaining it within the model (MIT, 1997);
which makes them inappropriate for identifying energy saving potentials of

various energy saving measures.
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Table 2.1 Advantages and disadvantages of the three major residential modelling

approaches [re-created from (Swan & Ugursal, 2009)]

Method Advantage Disadvantages
e Long term forecasting in | ¢ Reliance on historical
the absence of any consumption information
discontinuity ¢ No explicit
Top-down ¢ Inclusion of representation of end-
macroeconomic and uses
socioeconomic effects e Coarse analysis
¢ Simple input information
¢ Encompasses trends
e Encompasses occupant |e Multicollinearity
behaviour e Reliance on historical
o Determination of typical consumption information
end-use energy e Large survey sample to
Bottom-up contribution exploit variety
statistical ¢ Inclusion of
macroeconomic and
socioeconomic effects
e Uses billing data and
simple survey
information
¢ Model new technologies | e Assumption of occupant
e “Ground-up” energy behaviour and
estimation unspecified end-uses
Bottom-up ¢ Determination of each e Detailed input

engineering

end-use energy
consumption by type,
rating, etc.

o Determination of end-
use qualities based on

simulation

information
e Computationally
intensive

¢ No economic factors
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Bottom-up methods, on the other hand, provide a number of advantages
which makes them more appropriate for this research. Firstly, they allow use
of physically measurable input data, which is the main type of data in EPC
datasets. Secondly, bottom-up methods explicitly calculate energy
consumption of different end-uses based on detailed description of houses
(Swan & Ugursal, 2009). Finally, and most importantly, bottom-up methods
can explicitly evaluate and calculate the impact of different energy saving

measures on delivered energy use (Johnston, 2003).

As with all modelling approaches, there are limitations associated with
bottom-up methods. The bottom-up methods tend to increase the amount of
input data that is required by the modelling system, due to the disaggregation
of information, and the greater complexity associated with this (Johnston,
2003). The increased amount of required input data is reported as one of the
main barriers to modelling domestic buildings by number of previous studies
(Judkoff and Neymark, 1995; Karlsson et al., 2007; Kalema et al., 2008;
Judkoff et al., 2008).

The vast majority of UK based domestic energy models have dealt with the
issue of lacking required data by employing steady-state calculation engines
which require relatively less amount of input data compared to dynamic
energy models. However, a few studies have been identified outside UK
which have employed dynamic energy modelling and have dealt with
inadequate input data in different ways. Following section presents critical
analysis of both steady-state and dynamic models developed within and
outside the UK.
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2.4. Reduced Data Building Energy Models

2.4.1. Steady-State Models

In the UK a number of energy models have been developed in past decades
targeting to estimate domestic sector energy consumption as well as to
predict future residential energy demand. Eight main energy models
developed for the UK housing stock were identified. Critical analysis of these
models provides a great opportunity to identify the weakness and strength of
different modelling methodologies applied to same building stock. The

identified models are described and analysed as bellow:

I.  The Building Research Establishment's Hosing Model for Energy
Studies (BREHOMES) developed by Shorrock and Dunster (1997a,
1997b, 2005)

The BREHOMES model disaggregate the UK housing stock into more
than 400 categories which are separated by 4 age bands, 17 built forms
and by whether or not central heating is present (Shorrock and Dunster,
1997). The categories into which the model disaggregates are mainly
based on data source used. The large number of categories in
BREHOMES is made possible through employing more than one data
source which makes BREHOMES a database as well. The most
important sources used in developing BREHOMES are: the Digest of UK
Energy Statistics published annually by Department of Energy, the
English House Condition Survey (EHCS) published every five years by
Department of Environment, the Central Household Survey published
annually by office of Population Census and Surveys, and the Family

Expenditure Survey published annually by Department of Employment.

The main drawback associated with this model is using a single dwelling
type to predict future trends in all the stock which results in simplified
calculations at the cost of the thoroughness (Natarajan and Levermore,
2007). Figure 2.4 presents the overall structure and form of the
BREHOMES model.
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Figure 2.4 Structure and form of BREHOMES model (Shorrock and Dunster,
1997)

As shown in Figure 2.4, central to the BREHOMES model is the Building
Research Establishment’s Domestic Energy Model (BREDEM) (Dickson
et al., 1996). BREDEM consists of a set of heat balance equations and
empirical relationships to estimate annual (in case of BREDEM-12
(Anderson et al., 2002)) or monthly (in case of BREDEM-8 (Shorrock et
al., 1991; Anderson and Chapman, 2002)) energy consumption of
individual dwellings. An important modified version of BREDEM
(BREDEM-9) forms the basis of the UK Government's Standard
Assessment Procedure (SAP) (BRE, 2005) which is used for identifying
energy rating of dwellings and creating Energy Performance Certificates
(EPC).

BREHOMES examined two illustrative scenarios with 1996 as their base
year and projected scenarios to 2050: ‘Reference’ scenario and
‘Efficiency’ scenario (the same, but the uptake of efficiency measures,
such as loft insulation, is increased). These scenarios have been
improved and used by Johnston (2003) to investigate demand- and
supply-side of domestic energy sector with regards to the UK

Government’s plans to cut CO2 emissions.
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The Johnston model developed by Johnston (2003)

The Johnston model explores the technological feasibility of achieving
CO2 emission reductions in excess of 60% within the UK housing stock
by 2050. This model investigates three illustrative scenarios of energy
use and CO:z emission: a ‘Business-as-Usual' scenario, which
represents a continuation of current trends in fabric, end-use efficiency
and carbon intensity trends for electricity generation; a ‘Demand Side’
scenario, which represents the improvements to current rate of uptake of
fabric and end-use efficiency measures; and an ‘Integrated’ scenario
which shares the same demand side assumptions as the ‘Demand Side’
scenario, but represents what may happen if the carbon intensity of
electricity generation were to fall even further (Johnston, 2003). The
Johnston model employ BREDEM-9 calculation engine to estimate

energy and CO2 emission of the UK housing stock (Figure 2.5).
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Figure 2.5 Structure and form of Johnston model (Johnston, 2003)

In contrary to BREHOMES, the Johnston model has a very low level of
disaggregation and is constructed around only two notional dwelling
types; namely: pre- and post-1996. The drawback caused by low level of
disaggregation is that the model only provides broad results when
comparing impact of different energy saving measures. Johnston (2003)
discuss that two notional dwelling types makes it difficult “to explore
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what reductions in energy consumption and CO> emission could be
achieved if different age classes of the UK housing stock were
selectively upgraded or demolished”. The main reason behind low level
of disaggregation is usually the lack of sufficient data to support high
level of disaggregation as acknowledged by Johnston (2003). The
Johnston model has used a number of data sources including:
population projections from the Office for National Statistics, mean
household size data from the Department of Environment, Transport and
the Regions (DETR) and, the English House Condition Survey (EHCS).

The UK Carbon Domestic Model (UKDCM) developed by Boardman
(2007)

The UKDCM is basically a numerical model of energy flows, which takes
into account all the sources of heat gain and heat loss in a stock of

dwellings whose characteristics change through time (Figure 2.6).
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Figure 2.6 Structure and form of the UKCDM (Boardman, 2007)
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Similar to the BREHOMES and the Johnston model, the UKCDM has
1996 as the base year and projected scenarios to 2050 and makes use
of government statistics on energy and housing, as well as population.
The UKCDM disaggregate the UK housing stock into 9 regions, 12 age
bands, 10 dwelling types, 6 tenure types, 4 classes for number of floors,
and 6 construction types. In addition to these classification parameters,
double glazing, loft insulation and wall insulation have been included as
defining characteristics of the energy performance of individual dwellings
(Boardman, 2007).

The DECarb Model developed by Natarajan and Levermore (2007)

The DECarb is another prominent model for the UK housing stock which
is capable of implementing different energy saving and CO2 reduction
scenarios in order to predict future trends in consumption and emissions.
The DECarb model is based on building physics approach. Figure 2.7
shows the structure and form of the model. The DECarb model is highly
disaggregated and has unique 8064 combinations of six age bands of
the UK housing stock. Similar to models discussed above, the DECarb
model uses the BREDEM-8 procedure for calculating consumption and
emissions of the dwellings, and has 1996 as the base year (Natarajan

and Levermore, 2007).
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Figure 2.7 Structure and form of the DECarb model (Natarajan and Levermore,
2007)

28



The DECarb model has examined the scenarios developed by
BREHOMES, Johnston, and UKDCM instead of adding further scenarios.
The findings suggest that neither of the two low carbon scenarios tested
with the Johnston model would reach the target of 50% reduction in
carbon emissions by 2050. The results from the DECarb model,
however, approve the UKDCM’s 40% scenario of achieving the targeted

60% CO:2 emission reduction by 2050 (Natarajan and Levermore, 2007).

The Energy and Environment Prediction Model (EEP) developed by

Jones, Patterson and Lannon (2007)

The EEP model is different to the previously introduced models in that it
is based on Geographic Information System (GIS) techniques (not
BREDEM) and employs a number of sub-models (Figure 2.8) to
estimate current energy consumption and CO2 emissions from domestic
and non-domestic buildings, traffic and industrial processes for a city or
region (Jones et al., 2007). Each sub-model uses UK Government’s
accepted procedures to predict energy use and emissions with the
exception of the traffic sub-model that has been developed using Spatial

Analysis procedures.
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Figure 2.8 Structure and form of the EEP model (Jones et al., 2007)

The domestic energy use sub-model of EEP consists of 1300 dwellings.

This sub-model employs the SAP rating as an indicator of the energy
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Vi.

performance of dwellings. The SAP rating is calculated based on the UK
Government’s Standard Assessment Procedure which assesses the
energy performance of dwellings (BRE, 2005). There is an important
weakness in the SAP procedure regarding the way electrical appliances
and cooking is handled. SAP takes into account the internal heat gain
from electrical appliances and cooking but excludes their energy use in
the calculation of total energy consumption. This issue was not explicitly
addressed in the domestic sub-model of EEP. Although this sub-model
has been evaluated against the SAP ratings, the validation of the actual
energy consumption and CO:2 emission estimates was not clearly
described (Oladokun and Odesola, 2015).

The Community Domestic Energy Model (CDEM) developed by Firth,
Lomas and Wright (2010)

The CDEM is another prominent model of energy consumption and
carbon emissions of the UK housing stock that was developed by the
staff in the Building Energy Research Group (BERG) of Department of
Architecture, Civil and Building Engineering, Loughborough University in
2009 (Firth et al., 2010). This model is highly disaggregated, with 47
house archetypes derived from unique combinations of built form and
dwelling age bands. For energy and emission calculations, the model
requires input from many sources including English House Condition
Survey (EHCS), Standard dwelling types (Allen and Pinney, 1990),
BREDEM-8 (Shorrock et al., 1991; Anderson and Chapman, 2002)
calculation engine, SAP rating (BRE, 2005), and etc. (Figure 2.9).

The main data requirement for the CDEM was provided from the
BREDEM-8 calculation engine, monthly average external temperatures
and monthly average solar radiation which is available from the Met
Office. The model estimates monthly energy consumption and carbon

emissions of the whole UK housing stock.

The main drawback associated with the CDEM is that instead of

examining future scenarios, the model only estimated energy
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consumption and carbon emissions of the 2001 English housing stock
(Firth et al., 2010).
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Figure 2.9 Structure and form of the CDEM (Firth et al., 2010)

Unlike, other UK models the CDEM investigated effect of the
uncertainties on the results associated with the input variables. Frith et
al. (2010) carried out an extensive local sensitivity analysis and
assigned sensitivity coefficients to the primary input parameters of the
model. They found that the various input parameters have widely
varying effects on the prediction outputs. The characteristics and usage
patterns of heating systems (such as the thermostat temperature and
hours of heating use) and the heat losses of the dwellings were
identified as highly determining factors of domestic space heating

demand.
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Vii.

The Cambridge Housing Model (CHM) developed by Hughes (2011);
Hughes and Palmer (2012)

The CHM is another steady-state bottom-up model that uses the
calculations formulated and established by SAP 2009 (BRE, 2011) and
BREDEM engine (Shorrock and Dunster, 1997b) to run necessary
calculations. The model has three basic data input components (Figure
2.10); namely: climate data, housing data, and building physics data. For
climate data input, the model uses SAP’s monthly solar declination and
regional latitude data, BREDEM-8’s monthly/regional solar radiation data,
and monthly/regional year-specific wind speed and external temperature
data from a number of different stations across the UK.

Climate Data

Outputs:

PR |:‘|> Energy Use :D Energy Use
Housing Data Model and Carbon

Emissions

Building
Physics Data

Figure 2.10 Structure and form of the CHM (Hughes, 2011)

The main source of housing data is based on 16,670 dwellings defined
in English Housing Survey of 2010 (Palmer and Cooper, 2012) with an
adjustment to reflect the UK housing stock. However, the building
physics data inputs are the direct results of the calculations performed
in SAP and BREDEM. The model then reads in data for individual
representative dwelling in order to perform building physics
calculations. The CHM is one of the most transparent models because

the model is built and all its calculations performed in Microsoft Excel.
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viii.

The output of CHM is one of the studies that made up the UK housing
fact file in the Department of Energy and Climate Change (DECC)
(Palmer and Cooper, 2012).

The Domestic Dwelling Model (DDM) developed by Mhalas, Kassem,
Crosbie, and Dawood (2013)

The DDM is a new approach which has very different characteristics to
the previously described UK based steady-state model. The DDM
models energy consumption and carbon emissions of dwellings and
neighbourhood based on visualisation. The model is highly
disaggregated as it estimates each dwelling independently within the
neighbourhood. The model uses the SAP and BREDEM energy
calculation engine. The DDM utilises information from aerial and
terrestrial imagery, digital maps, household surveys, census, and ONS
(Figure 2.11) (Mhalas et al., 2013).
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Figure 2.11 Structure and form of the DDM (Mhalas et al., 2013)

This model is implemented on a GIS platform which makes it possible to
replicate data entry process for several dwellings that have similar
characteristics. This is particularly useful in undertaking the energy
assessment for terraced, semi-detached and detached houses built
during similar time periods (Mhalas et al., 2013). The DDM currently
include scenarios on fabric change, PV addition, condensing boiler
improvement, etc. but not future scenarios or energy saving measures.

Further work is planned to identify the impact of improvements and the
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development of a more accurate calculation of the rate of return of

investment based on inflation indices.

2.4.2. Critical Analysis of the UK based Models

The models introduced all share the same calculation engine, BREDEM,
modified to varying degrees based on the aims and needs of each model.
They are capable of estimating baseline energy consumption of existing
housing stock, predicting energy saving and carbon emission reductions from
a variety of scenarios and except for EEP, they are all capable of predicting
future energy demand and savings from proposed scenarios. Natarajan et al.
(2011) has judged BREDEM as a well-established method which estimates
UK dwelling energy consumption and predicts dwellings’ energy consumption
and carbon emissions at a highly disaggregated level based on building
physics. However, one of the major drawbacks associated with BREDEM is
the generalisation of occupant behaviour patterns, as in simplifying
appliances consumption based on floor area and number of occupants
(Cheng and Steemers, 2011).

All eight models are used as policy decision-making tools. However, the
models are varied in terms of their output levels, extent of stock
disaggregation, and the scenarios analysed, as shown in Table 2.2. These
models have been developed since the early 1990s and each model was
criticised by its successor and by more recent researchers due to a number
of limitations. Firstly, all the models have been criticised for their low level of
transparency. Kavgic et al. (2010) and Mhalas et al. (2013) discussed that
the models’ transparency, in terms of the architecture and data sources, is
one of the main issues that needs to be addressed in future models. Cheng
and Steemers (2011) state “No model is perfect. Models become useful if
their assumptions and limitations are known to the users so that the users
can make informed decisions on the practical application of the results. This
transparency is generally lacking in the existing UK domestic energy models
and as a result significantly limits the viability of the existing models in
assisting policy formation”.

34



Table 2.2 Comparative analysis of prominent UK based steady-state domestic energy and carbon models

Model Year Calculation Output Disaggregation Analysed scenarios
1000 dwelling types: based
BREHOMES | Early 1990s | BREDEM-12 | Annual energy consumption abp Reference and efficiency until 2020
on age, tenure type, etc
Annual energy consumption | Two dwelling tvpes: pre Business-as-usual, demand, integrated
Johnston | 2003 BREDEM-9 dy consump ghypes:p _ J
and carbon emission and post-1996 until 2050
. ) Business-as-usual, 44% reduction,
Monthly energy consumption | 20,000 dwelling types by o )
UKDCM 2006 BREDEM-8 o 25% emission reduction below 1990
and carbon emission 2050
levels by 2050
8064 combinations of Scenarios from: UKIPO2, BREHOMES,
DECarb 2007 BREDEM-8 Monthly energy consumption | dwellings from 6 age Johnston, UKDCM, Back-cast (1970-
bands 96)
Annual energy consumption | 1300 dwelling based Fabric change, PV addition,
EEP 2007 SAP oy Sonstmp WETINgG Based on s T
and carbon emission age band and built form condensing boiler improvement
Monthly energy consumption | 47 archetypes based on A scenario to predict 2001 housin
CDEM 2009 BREDEM-8 y enerdy constimp P P J
and carbon emission age band and built form stock
] Conducted sensitivity analysis for the
BREDEM-8 Annual energy consumption ) » ]
CHM 2010 o 16,670 dwelling types 15 most sensitive parameters in the
and SAP and carbon emission
model
BREDEM-8 Annual energy consumption ) Fabric change, PV, I-CHP, Condensing
DDM 2013 o 756 dwelling types _ _
and SAP and carbon emission boiler, ASHP (Under-floor and radiator)
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Secondly, and more importantly, these models are not capable of taking into
consideration the complex, interdependencies, and dynamic nature of the
energy consumption and carbon emission (Oladokun and Odesola, 2015).
This is because the modelling approaches of these models are based on
steady-state calculations. These models therefore work with particular sets of
data inputs trying to generate particular sets of outputs that have little or no
room to accommodate uncertainty in input datasets. Kavgic et al. (2010)
state that “the new generation of bottom-up building stock models should
include multidisciplinary and dynamic approaches, so that for instance they
can improve the synergy in policy development on energy efficiency, comfort,
and health”.

The critical analysis of UK-based domestic energy models suggests that
there is the need to look for more detailed modelling approaches capable of
dealing with the limitations discussed (Oladokun and Odesola, 2015). It is
evident that the uniformity of the assumptions made by BREDEM will result in
systematic errors that could have negative consequences for energy policy
making, and the targeting of energy efficiency measures. A more recent
study by Kane et al. (2015) discussed that much has changed in the 25 years
since the BREDEM modelling framework was created, in the way we use our
homes, the amount data made available to the research community, and the
availability of more detailed energy models. They state: “We no longer expect
to be able to understand the mathematics behind models or be able to
complete calculations by hand; arguments that have been used in support of
simple BREDEM-like modelling”. Consequently, recent researches have
modelled stocks using more detailed dynamic simulation programmes.
Detailed analysis of such models, which are found to be of relevance to the

model developed in this thesis, is presented in the following sub-sections.
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2.4.3. Dynamic Energy Models

Only a few dynamic energy models of building stocks have been developed
and the advantages or disadvantages of using such models have not been
investigated in depth. This review identified four prominent dynamic energy
models which were developed for Canadian, US, Scottish and English
housing stock. Critical analysis of these models provides a great opportunity
to identify the weakness and strength of current dynamic energy building
stock models.

i. The Canadian Residential Energy End-use Model (CREEM)
developed by Farahbakhsh, Ugursal and Fung (1998)

The Canadian residential stock includes five major types of dwellings:
single-detached, single-attached, apartments, high-rise apartments, and
mobile homes. Single- detached and single-attached houses account for
68% of the households in Canada and are responsible for the largest
share of residential energy consumption. Hence, the CREEM only
considers single-detached and single-attached dwellings (Farahbakhsh
et al., 1998). The CREEM used the HOT2000 simulation programme to
calculate the delivered energy use from Canadian residential stock. The
CREEM included 8767 dwellings which were divided into 16 archetypes
based on built year (pre-1941, 1941- 1960, 1961-1977, 1978 and later)
and regional location (Western Canada, Prairies, Central Canada,
Atlantic Canada).

Actual energy billing data from fuel suppliers and utility companies for a
complete year were available for 2524 of the 8767 houses. Hence the
data on these dwellings were compared to simulation results in order to
verify the model. The refinements identified from the verification process
were applied to the rest of the 8767 house files as necessary to improve
the accuracy of the simulation results (Farahbakhsh et al., 1998). The
CREEM was then used to assess the reductions in energy consumption
and carbon dioxide emissions from the Canadian residential sector as a

result of various energy efficiency measures.

37



The work carried out in developing the CREEM was evolved over time
and with addition of new datasets on Canadian housing stock to develop
a new hybrid model, namely: the Canadian Hybrid Residential End-use
Energy and Emissions Model (CHREM). The CHREM relied on the
17,000 house details of a representative database called the Canadian
Single-Detached and Double/Row Housing Database (CSDDRD) (Swan
et al. 2009). This database accounted for the wide range of climate,
construction types, and energy sources found throughout Canada’s
regions which could be used to develop dynamic energy models. The
CSDDRD included detailed information on each dwelling’s location,
geometry and orientation, thermal zone presence, construction materials
including windows and doors, air-tightness, and HVAC and DHW

components.

The CHREM employed two energy modelling techniques: statistical and

engineering (Figure 2.12).
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Figure 2.12 Structure and form of the CHREM (Swan et al. 2009)
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These techniques were used to estimate the energy consumption of the
two main end-use groups: domestic appliances and lighting (AL),
domestic hot water (DHW), and space heating and cooling. The CHREM
employs neural network (NN) technique as the statistical half of the
model for use in estimating the annual energy consumption for AL and
DHW loads; and uses the ESP-r dynamic simulation engine to calculate

heating and cooling loads (Figure 2.12).

The CHREM assumed only one thermal zone for the main part of the
dwellings and justified this zoning strategy by highlighting lack of data on
thermal zones. The individual storeys of the main zone were not
identified, but instead combined into one thermal zone with a
modification to building height to account for each storey’s floor area
(Swan et al. 2009).

The CHREM also made a few simplifications to the geometry of the
modelled dwellings. All houses were modelled as a rectangular block
using a width to depth ratio (Swan et al. 2009). The authors identified
that this method only partially accounted for the perimeter to area
relationship that affects energy consumption due to exposed surface
area and no sensitivity analysis was performed to investigate impact of

such simplification on thr model estimates.

Another assumption made in the CHREM was regarding the conditions
on the outside face of each zone surface. In case of Double/Row houses,
adiabatic conditions are specified on one or both side walls with regard
to opposing dwelling location and the thicknesses are halved to account
for thermal mass attribution (Swan et al. 2009). Adiabatic party walls
specified in ESP-r dynamic simulation programme, will assume that the
neighbouring dwellings have exactly same thermal conditions and will

neglect the heat transfer between the two dwellings.

Finally, the CHREM used an XML reporting technique to store
simulation results in annual form to evaluate energy consumption and

contributions due to a variety of housing components.
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The Huang and Brodick Model developed by Huang and Brodick
(2000)

This model was developed for the US building stock (both residential
and commercial) and is based on the aggregated cooling and heating
loads attributable to different building envelope components in the stock,
such as windows, roofs, walls, and space heating and cooling systems.
The modelled building stock comprised of 112 single-family, 66 multi-
family housing and 481 commercial buildings. The dataset used
included information on age (pre-1940s, 1950-1959, etc.), dwelling type
(single- family, small multi-family) (Huang and Brodick, 2000). The
overall energy use of the US housing stock was calculated using the
DOE-2.1E simulation tool.

DOE-2is a widely used dynamic energy simulation tool that can
estimate the energy consumption and cost for all types of buildings.
DOE-2 uses a description of the building layout, constructions, operating
schedules, and air conditioning systems, along with weather data, to
perform an hourly simulation of the building and to estimate utility bills.
DOE-2.1E is the “legacy” version of DOE-2 and provides for more
detailed modelling of the thermal and optical properties of windows
(DOE-2, 2016).

The authors of this model acknowledge that the totals for the non-space
conditioning end-use such as water heating and lighting were modelled
very simply. Only gas was included as the primary fuel source for space
and water heating, even though electricity and other fuels are also used
as a primary energy source (Huang and Brodick, 2000). The model
provides information on potential improvements in certain building
components, such as improving windows from single to double- glazing,
but doesn't specify in which parts of the stock these gains would occur
or would benefit most from the change. The inadequate description of
model and lack of evidence on decisions made in development of model

are the main weakness of the Huang and Brodick Model.
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The Energy Systems Research Unit (ESRU) Domestic Energy
Model (EDEM) developed by Clarke et al. (2004); Clarke, Johnstone,
Kim and Tuohy (2009)

The EDEM is a web based tool developed at the University of
Strathclyde for Scotland housing stock. The EDEM is able to estimate
energy consumption and carbon emissions both at individual and
national scale. The EDEM was used to rate the energy and carbon
performance of individual dwellings as required by the EU Directive on
the Energy Performance of Buildings (European Union, 2002). The
model used the 2002 Scottish House Condition Survey (Scottish Homes,
2003) as main source of data. The model categorise the dwellings in
terms of Thermodynamic Classes (TC) so that different Architecture
Classes (AC) may belong to the same TC (Clarke et al., 2009).

The EDEM employed the ESP-r dynamic energy simulation programme
to determine dwelling performance by subjecting the dwelling models to
long-term weather sequences. Clarke et al. (2004) justified use of
dynamic energy simulation over BREDEM based steady-state models
by stating “Simplified methods cannot adequately represent the
performance of the myriad upgrade options that may be applied
individually or in combination. Also, as buildings have extended lifetimes,

it is important to assess performance under likely future contexts”.

The EDEM results were verified using detailed models of 5 real houses.
The house models were subjected to energy efficiency improvements
and simulations were re-run. The predicted heating energy demands
resulting from the detailed simulations were then compared to the value
associated with the matched TC model. The results indicated
discrepancies ranging from 3% to -13%, indicating that the TC approach

is a reasonable proxy for the real situation (Clarke et al., 2009).

The EDEM was also used to investigate 6 case studies: national stock
upgrade, regional housing upgrade, dwelling energy labelling, impact of
grid electricity generation mix, financial appraisal of upgrade options,

and financial appraisal of individual dwelling upgrade.
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The He et al. Model developed by He, Lee, Taylor, Firth and Lomas
(2014); He, Brownleeb, Lee, Wright and Taylor (2015)

The He et al. model (2014) is a dynamic energy model which uses
English Housing Survey (EHS) database as main source of input data
and employs EnergyPlus as simulation engine. EnergyPlus takes an
input data file (IDF), in which a building model is specified, and a
weather file to run a dynamic simulation of a building. The model
simulates the housing stock in the North East region of England to
examine the possible CO:2 reductions corresponding to different

scenarios.

The model used 2008-9 EHS database which contains 935 sample
dwellings in the North East England. These sample dwellings are
representative of about 1.2 million homes in that region. The 935 sample
dwellings were distributed among 6 dwelling types, 10 age bands, 8
types of wall construction, and 12 loft insulations. Only 759 houses,
including 90 detached houses, 329 semi-detached housed, 221 mid-
terrace houses and 119 end-terrace houses were considered in the
model. All the dwellings were assumed to have East/West orientation
(He et al., 2014).

The dwellings were modelled with two separate zones: the living area
and the rest of the dwelling. The authors justify using such zoning
configuration by referencing the study performed by Taylor et. al. (2013)
where it was found that the two zone models separating living area from
the rest of house can predict annual energy demand within about 10% of
the best estimate using individual room zones. The results of the model
were verified through inter-model comparison with CHM results (see
section 2.4 [vii] for CHM description). Since both models take inputs
from the EHS database and simulate each dwelling individually, the
results from both models were comparable (He et al., 2014). The
dynamic model developed by He et. al. (2015) predicted lower demand
values compared to the steady-state CHM result which were consistent
with findings of other studies (Shorrock et. al., 1996; Yilmaz et. al., 2014).
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2.5. Model Validation

Although building simulation has been widely used during the past three
decades to investigate the effect of retrofit measures on energy savings and
comfort, without validation of the base case model, results produced are not
reliable (Westphal & Lamberts, 2005). A large number of studies have shown
discrepancies (which were often significant) between the model predictions
and measured building energy use (Coakley, Raftery & Keane, 2014). The
purpose for validation is to ensure that the model could reasonably represent
the thermal and energy behaviour of the real building and thus achieve
confidence in model predictions (Westphal & Lamberts, 2005).

Judkoff (1988) identifies a number of ways to validate the whole-building
energy models: comparative testing (Inter-model comparison), analytic
verification and Empirical validation. The three validation techniques are shown
schematically in Figure 2.13 Analytic, Comparative and Empirical techniques
(re-created from (Judkoff et al., 2008))Figure 2.13. Table 2.3 compares these
techniques by highlighting their advantages and disadvantages.
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Figure 2.13 Analytic, Comparative and Empirical techniques (re-created from
(Judkoff et al., 2008))
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Table 2.3 Comparison of validation techniques (Judkoff 1988)

Validation Method

Advantages

Disadvantages

Comparative (Inter-

model comparison)

* No input uncertainty

* Any level of complexity
* Many diagnostic
comparisons possible

* Inexpensive and quick

* No absolute truth
standard (only statistically
based acceptance ranges
are possible)

Analytical * No input uncertainty * No test of model validity
» Exact mathematical truth | < Limited to highly
standard for the given constrained cases for
model which analytical solutions
* Inexpensive can be derived

Empirical * Approximate truth » Experimental

standard within
experimental accuracy
* Any level of complexity

uncertainties:

- Instrument calibration,
spatial/ temporal
discretization

- Imperfect knowledge/
specification of
experimental object
(building) being simulated
* High quality detailed
measurements are
expensive and time
consuming

* Only a limited number of
test conditions are
practical

Comparative testing is an inexpensive and quick technique which involves no
input uncertainty. A comparative test directly compares results of two or more
building energy simulation tools which have used similar inputs. In this type
of validation, a piece of code can be compared to itself by changing a specific
parameter and determine sensitivity of simulations to that parameter. One
main advantage of comparative testing is that it doesn’t require any data from
a real building. Comparative testing enables the investigator to control
accuracy of input data and eliminate any external error. Furthermore, input
parameters can be modified to test the sensitivity of simulations to change in

input data.
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In Analytical verification simulation results are compared with the results of a
solved analytical solution (ASHRAE, 2009). The same as comparative testing,
analytical verification is inexpensive and has no input uncertainty. In
analytical verification the investigator can test some specific heat transfer
mechanisms in the building. In this technique output of modelling tools, which
Is based on numerical solution used in the code of programme, is compared
to a unique analytical solution of heat transfer problem. An example of work
using analytical verification (and comparative testing) is Building Energy
Simulation Test, BESTEST (Judkoff & Neymark 1995). BESTEST is a
method for systematically testing building energy simulation programmes,
diagnosing sources of disagreement, and validating the capabilities of

building energy simulation programs.

In empirical validation results from building simulation are compared with the
data measured in real buildings (ASHRAE, 2009). In other words, empirical
validation is the comparison of the estimates of the model with physical
measurements (Bowman & Lomas 1985). There are various published
literature on validation mainly for residential buildings rather than large
commercial buildings; where conducting detailed measurements require
considerable efforts and costs (ASHRAE, 2009). A number of empirical

validation studies are summarized by Neymark and Judkoff (2002).

One of the main challenges researchers have been faced with to calibrate
building energy models using empirical validation is the lack of detailed
empirical data particularly for residential buildings which is necessary to
understand the operational complexities and develop better models (Buswell
et al., 2013). In majority of the cases, even when the measured data is
available, it has not been measured by end use and for example the gas use
measured include the use for space heating, hot water and cooking which
makes the calibration difficult. In addition, the measured data has also an
uncertainty and the differences observed between the models and

measurements will be due to errors in either set of data (ASHRAE, 2009).
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2.6. Data Translators for Dynamic Simulation

The four dynamic energy models described in previous section, all use some
sort of translator to develop Input Data Files (IDFs) which are suitable for the
employed calculation engines. The CREEM (Farahbakhsh et al., 1998), the
Huang and Brodick (2000) Model, and the EDEM (Clarke et al., 2004) didn’t
provide any documented detail on technical aspects of the translators they
developed. He et. al. (2014; 2015), on the other hand, identified that available
tools to create IDFs were not suitable to simulate a relatively large number of
real houses with different characteristics. Consequently, He et al. (2015)
developed an in-house programme called the Building Generation Tool (BGT)
to automatically create the IDFs of the modelled dwellings. The BGT
implemented all the assumptions which were required to developed dynamic

energy models based on EHS data.

2.5.1. The gbXML Translator

A study by Dimitriou et al. (2016) was identified where a translator was
developed to convert data from gbXML format into EnergyPlus IDFs. This
translator was developed as part of the Design4Energy retrofit scenario
which uses Building Information Modelling (BIM) of existing domestic
buildings to assess their energy performance using a Building Energy
Modelling (BEM) technique (Dimitriou et al., 2016). The XML based gbXML
format enables easy incorporation of additional information that might be
required for energy analysis. The conversion process extracts as much
information as possible the gbXML file and introduce additional parameters to
create the IDF files that can be used by EnergyPlus to perform the analysis
(Figure 2.14).

As seen in Figure 2.14, the selected BIM software was Autocad’s REVIT.
The process begins by developing REVIT models based on the data
collected from building surveys. Then the gbXML files were used to fill in for
lacking data and create EnergyPlus IDFs. The simulations were run and

results were exported in csv file formats for further analysis and to proceed
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with the model calibration. Multiple iterations of the calibration process was
required to achieve good agreement between the modelled and the actual

building energy performance (Dimitriou et al., 2016).
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Figure 2.14 Structure and form of the BIM to BEM translator (Dimitriou et al., 2016)

The translator developed by Dimitriou et al. (2016) is the best documented
one identified within UK building energy modelling context. The translator
converts gbXML files into IDFs in two steps (Figure 2.15). The first step in the
conversion process is the conversion of the gbXML file to a XML file that
contains all the information required for EnergyPlus simulation. All the nodes
required by EnergyPlus were included in a ‘idfXML’ file and default values
were stored prior to converting gbXML files. Then the idfXML file was

a7



populated with the available information from the gbXML file. Having
developed the representative idfXML files, the EnergyPlus IDFs were created
based on these files in the second stage of the translation process (Dimitriou
et al., 2016).

Edited gbXML file(s) idfXML_template

! y

Code converting gbXML file(s) to idfXML file(s)
using mapping instructions contained in the
idfXML template and explained in the
relevant report

!

idfXML file(s)

Code converting idfXML file(s) to idf file(s)

b

idf file(s)

Figure 2.15 The translation process to convert gbXML files into EnergyPlus IDFs
(Dimitriou et al., 2016)

The translation process described above can handle multiple files at the
same time. The Translator was tested on a single house located in
Loughborough, UK. The most significant assumption made in developing the
BIM to BEM translator was that the heating system can be represented by an
ideal loads system where calibration of the model to the measured data was
not performed. Despite such assumption, the model presented relatively
good agreement to the measured data. Dimitriou et al. (2016) concluded
“The deviations observed between the modelled and measured temperatures
highlight the importance of transparent data exchange and default setting
when forming the energy model”. Further work to validate the translator using
other BIM tools was found necessary before using the translator for retrofit
decision-making purposes.
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2.5.2. The HPXML Translator

An ongoing work was also identified which is being carried out by National
Renewable Energy Laboratory (NREL) and Building Performance Institute
(BPI) in the USA. The first part of this initiative works on developing a new
data storage national standard, called Home Performance XML (HPXML), to
support the needs of home performance programs, quality assurance agents,
and financial institutions. HPXML can also aggregate data across programs
and remove redundancies in incentive compliance to support these additional
consumers (Andrulis and Thomas, 2012). The second part of this work
develops translators to convert HPXML data into different input data files
which could be accessed and executed with various building energy
modelling tools (Neymark and Roberts, 2013). Figure 2.16Figure 2.16 shows
the overall structure of the work being carried out to use HPXML data for

developing dynamic energy models of the US housing stock.
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Figure 2.16 The translation process to convert HPXML files into various IDF formats
(Polly et al., 2012)

The capacity of HPXML to store utility billing and building description details
also provided an opportunity for developing standardised accuracy test for
residential energy analysis tools (Neymark and Roberts, 2013). The authors
identified the development of HPXML can enable software developers to

create translators suitable for their input data scheme for efficient access to
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data. Such translators can facilitate the possibility of modelling whole building
stock using dynamic energy simulation software and implement the

standardised software accuracy test to translated data.

The work on developing translators for different software was ongoing at the
time of writing this thesis. The work is being carried out within a working
group which includes modelling expert from different organisations and
software developers. The work presented in this thesis is the only contributor
to this working group which is based outside US and provides an
international insight into possibility of developing a worldwide building

performance data repository which could be used for simulation purposes.

2.7. Summary

This chapter presented a review of the literature and completes objective 1
(Identify and review literature on the modelling approaches that could be
used to forecast energy use and CO> emissions in the UK dwellings, and
perform a critical analysis of the work that has been undertaken to utilize
available reduced data for energy modelling purposes). The chapter
presented a critical analysis of UK based domestic energy and emission
models. The main application of all models is common as they are all used
as policy decision making tools. However, the models are varied in terms of
their output levels, extent of stock disaggregation, and scenarios analysed.
These models have been developed since early 1990s and each model was
criticized by its successor and by more recent researchers due to a number

of limitations:

¢ All the models have been criticised for their low level of transparency. The
model transparency, in terms of the architecture and data sources, is one
of the main issues that need to be addressed in future models. The
RADEM model described in this thesis is an effort to remove all the
ambiguities observed in the previous modelling practices by clearly
describing the employed dataset, modelling methodologies including

zoning and geometrical details, and model outputs.
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These models are not capable of taking into consideration the complex,
interdependencies, and dynamic nature of the energy consumption and
carbon emission. The RADEM model described in this thesis employs a
dynamic energy simulation engine, instead of steady-state BREDEM
engine used by previous modelling exercises, enabling the model to

capture transient and dynamic behaviours in the dwellings.

The uniformity of the assumptions made by the models result in
systematic errors that could have negative consequences for energy
policy making, and the targeting of energy efficiency measures. The
RADEM model described in this thesis introduces evidence-based
decision-making procedures to handle zoning and geometry aspects of
the dwellings. These procedures reduced the uniformity of assumptions
considerably compared to previous modelling exercises.

Dynamic energy models developed for Canadian, US, Scottish and English

housing stock were also described providing details on positive and negative

attributes of each model:

The Canadian model only considered single-detached and single-
attached dwellings, and employed two energy modelling techniques:
statistical and engineering. The model assumed only one thermal zone for
main building parts, and the storeys of the main zone were combined into
one thermal zone. The party wall was modelled as adiabatic wall
neglecting the heat transfer between the two dwellings. The RADEM
model described in this thesis improves the Canadian model by
introducing more detailed zoning configuration and also through modelling
a non-adiabatic party wall which is capable of representing heat transfer

effects through the wall.

The US model was based on the aggregated cooling and heating loads
with very simple water heating and lighting details. Only gas was included
as the primary fuel source for space and water heating, even though
electricity and other fuels are also used as a primary energy source.
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e The Scottish model categorised the dwellings in terms of Thermodynamic
Classes (TC) and Architecture Classes (AC). The model results were
verified using detailed models of 5 real houses. A similar verification
process was applied to the RADEM model developed in this study.

e The English model used EnergyPlus and custom weather files from North
East region of the UK. All the dwellings were assumed to have East/West
orientation. The dwellings were modelled with SAP zoning. The RADEM
model described in this thesis also uses EnergyPlus as calculation engine
but applies a floor zoning configuration to the dwellings model instead of
SAP zoning.

The chapter concluded with identifying and describing the available data
translators developed for the purpose of domestic dynamic energy modelling.
The focus was on the translators which convert XML based data into various
input data files for dynamic energy simulation software: gbXML and HPXML
translators. Based on this analysis of the literature, and to address the
shortcomings of other models, a new model (the RADEM) is proposed as

outlined in the next chapter.
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3. OVERVIEW OF METHODS

3.1. Introduction

This chapter presents an overview of the methods used to develop the
Reduced Data Dynamic Energy Model (RdADEM) of the UK dwellings, based
on the findings from the literature review (Chapter 2) and in pursuit of
Objectives 2 (Identify a suitable dataset of UK dwellings to be used as the
source of modelling data), 3 (Develop and test a data preparation process
that will enhance the reduced data in order to produce an equivalent set of
detailed data that is suitable for dynamic energy simulation) and 4 (Develop
and run a reduced data dynamic energy model of UK dwellings that
translates the prepared data into a form suitable for dynamic simulation using
established models). The new modelling framework that was developed is
shown in Figure 3.1. It takes existing data from Energy Performance
Certificate datasets and converts them into files suitable for use in
EnergyPlus dynamic energy simulation software. EnergyPlus was chosen
because of its technical capability, ease of use (text input file), cost (free),

and validated code (US Department of Energy, 2013).

Data preparation process and translation are described below, with extended
details in Chapter 4 (Zoning and enhanced geometry), Chapter 5 (Equivalent
construction materials and boundary conditions), and Chapter 6 (Translation,

simulation and results).

The reduced data used to test this approach was from the DEFACTO (Digital
Energy Feedback and Control Technology Optimisation) project (Mallaband
et al., 2014) which is being carried out by Loughborough University from
2012 to 2018. The dataset included 165 semi-detached dwellings located in
the Midlands region of the UK. The format of the reduced data was individual
XML files for each dwelling, as is described in detail in section 3.2. This
modelling dataset was run through a data preparation process in which
modifications and enhancements were made to increase the level of detail to

meet the requirements of dynamic energy simulation.
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Figure 3.1 Overall structure and the modelling framework

The prepared data was called the ‘Equivalent Data’ as the nature of reduced
data was kept intact, and only controlled modifications were made to facilitate
dynamic energy simulation. The data preparation process was carried out in

three steps:

i.  Defining zoning and enhanced geometry,
ii.  Defining equivalent construction and thermal mass, and

iii.  Defining equivalent boundary conditions.

These three steps of developing equivalent data are described in section 3.3.
The equivalent data was then run through a translation process which
converted the equivalent data into the format required for the dynamic energy
simulation. The translation process created individual IDFs for each dwelling
in the dataset. The IDFs were then fed into the EnergyPlus engine and
simulations were run. Description of the translation process and IDFs is
presented in section 3.4. The translation process together with three steps of
the data preparation process (as shown in Figure 3.1) formed the Reduced
Data Dynamic Energy Model (RADEM).
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3.2. Modelling Dataset

The DEFACTO project investigates how the use of digital control and
feedback technologies to enable reduction and management of energy use
(Mallaband et al., 2014). The DEFACTO dataset describes semi-detached
dwellings which are owner occupied and are located in the Midlands region
of the UK. The reduced data were collected by professional home energy
assessors for the purpose of creating Energy Performance Certificates
(EPCs). EPCs are calculated using steady-state BREDEM (Dickson et al.,
1996) based calculations as used in the Government's Reduced Data
Standard Assessment Procedure (RASAP). These reduced data are stored in
individual XML files for each dwelling, as in the national EPC database
(Watson, 2009).

The reduced data was stored under ‘SAP Data’ heading of the XML files (see
APPENDIX C for example EPC XML File). The data described each dwelling
with just enough details to enable RASAP calculations (for more details see
Section 2.2.2). The data had three main categories: geometrical dimensions
of the dwellings, construction details and, heating and hot water systems.

The geometrical details available in the modelling dataset included: floor area,
floor height, heat loss perimeter and party wall length for each floor of the
dwellings and, roof area. The construction details included: construction age
band, wall, roof and floor construction types, wall thickness, multiple and
single glazing proportion and, number of extensions and conservatories.
Where extensions existed, all construction and geometrical details were
provided separately from the main dwelling. Details of heating and hot water
systems, boiler type, heat emitter type, control type and fuel type were also

included in the dataset.

In this research, 83 of the 165 dwellings described in the DEFACTO dataset
were chosen to test the RADEM approach. It was assumed that if the method
was found to be appropriate for these dwellings, further work could be carried
out to expand it to other dwellings. All the DEFACTO dwellings were semi-

detached and located in the same geographical region but had very diverse
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characteristics, being constructed from before 1900 to 2012. This resulted in
dwellings having very different layouts, construction types, materials,
insulation levels and systems. Since such diversity of characteristics added
further complexity to the modelling process, a subset of dwellings in the
dataset was selected for this study. This subset will be referred to as
‘Modelling Dataset’ for the rest of this thesis. The modelling dataset was
selected such that while reducing complications and obstacles in the dynamic
simulation process, it would still be representative of common UK semi-

detached dwellings.

The modelling dataset included most common age band and construction
types in the dataset. In the DEFACTO dataset, 155 of the dwellings had one
of ‘B’, ‘C’, ‘D’ or ‘E’ age bands and only 10 dwellings had other age bands (‘A’,

‘F’, 'J or ’L’). These 10 dwellings were excluded from the modelling dataset.

The modelling dataset also excluded a number of dwellings based on their
external wall construction type. 148 of the dwellings had either cavity or solid
brick external walls. Only 7 dwellings had other external wall construction
types (Timber frame, Sandstone or system built). These 7 dwellings were
excluded from the modelling dataset and only dwellings with cavity and solid
brick external walls were included. This round of shortlisting left the modelling

dataset with 148 dwellings.

The majority of the dwellings in DEFACTO dataset had a pitched roof and the
remaining had a ‘room in roof. The dwellings with room in roofs were

excluded from the modelling dataset which left 134 dwellings.

In the DEFACTO dataset, 92 dwellings had solid floor, 4 of which were
insulated. Of remaining 42 dwellings, 41 had non-insulated suspended floor
and only one had insulated suspended ground floor. The 5 dwellings with
insulated ground floors were excluded leaving 129 dwellings in the modelling

dataset.

Most of the remaining dwellings (122) had 100% double glazing, 4 had more
than 90% double glazing, 2 had more than 70% double glazing and only one
dwelling had 10% double glazing proportion. The dwellings with less than
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100% double glazing proportion were excluded from the modelling dataset to

allow a single fenestration type in all models.

The majority of houses in the dataset were two-storey and there were only 3,
three-storey dwellings. The three-storey dwellings were excluded from the
modelling dataset. The DEFACTO dataset also specified the number of
extensions and conservatories for each dwelling. From the remaining 119
two storey dwellings in the dataset, 51 had no extensions, 54 had only one
extension, 10 had two extensions, 3 had three extensions and one had 4
extensions. The dwellings with more than one extension were excluded from
the modelling dataset. Dwellings with conservatories were also excluded
from the modelling dataset to leave 85 dwellings.

All of these dwellings had a gas central heating boiler and radiators as the
main heating and hot water system. The main heating control for dwellings in
the modelling dataset was a boiler programmer with room thermostat. Only
two dwellings had ‘TRVs and bypass’ as the main heating control and these

were removed to leave the modelling dataset with 83 dwellings.

Having completed the shortlisting process, the modelling dataset included a
simpler set of houses with which to test the RADEM process. The modelling
dataset was representative of many UK semi-detached dwellings with
common age bands, construction types and systems. In the modelling
dataset (Figure 3.2), 22 (27%) of dwellings had age band ‘B’, 20 (24%) had
age band ‘C’, 17 (20%) had age band ‘D’ and 24 (29%) had age band ‘E’.

As ldentified in the shortlisting process, only the dwellings with cavity and
solid external wall constructions were included in the modelling dataset: 9
(11%) dwellings had cavity walls with no insulation, 50 (60%) had cavity walls
with filled cavities and 24 (29) dwellings had solid walls with no insulation.
Figure 3.3 shows the distribution of each external wall construction type in

the modelling dataset.

57



Figure 3.2 Dwellings distribution in the modelling dataset based on construction age
band and the corresponding construction years

Cavity, no
insulation
9 (11%)

Figure 3.3 Dwellings distribution in the modelling dataset based on external wall

construction
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In the case of roof construction, only the dwellings with pitched roof were
included in the modelling dataset: 62 dwellings had pitched roofs with known
insulation, 16 had pitched roof with no insulation, 2 had pitched roofs with
insulation at rafters and 3 dwellings had pitched roofs with unknown
insulation level i.e. the assessor couldn’t measure the loft insulation thickness.
The dwellings with known level of roof insulation, had loft insulation thickness
ranging from 50 mm to 300 mm (Figure 3.4): 2 (3%) had 50 mm loft
insulation, 4 (6%) had 75 mm, 15 (25%) had 100 mm, 8 (13%) had 150 mm,
16 (26%) had 200 mm, 10 (16%) had 250 mm, 4 (6%) had 270 mm and 3
(5%) dwellings had 300 mm.

300 mm 50 mm

270 mm___ 3 (50y) 2 (3%)
4 (6%)

75 mm
4 (6%)

Figure 3.4 Dwellings distribution in the modelling dataset based on loft insulation
thickness

Dwellings in the modelling dataset had two main ground floor constructions:
57 (69%) had solid ground floor and 26 (31%) had suspended ground floor.
The dwellings in the modelling dataset had total floor area ranging from 62
m? to 191 m? (Figure 3.5): 54 (65%) dwellings had total floor area of 50-100
m?2, 21 (25%) had total floor area of 100-150 m? and 8 (10%) had total floor
area of 150-200 m?.
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150-200 m?2
8 (10%)

Figure 3.5 Dwellings distribution in the modelling dataset based on total floor area

3.3. Data Preparation Process

This section describes how the modelling dataset was modified and improved
in order to prepare it for dynamic simulation as part of the RADEM. The main
areas of improvements in the modelling dataset were identified and each

improvement was identified and tested:

e Zoning,

o (Geometry,

e Construction materials and thermal mass,
¢ Internal boundary conditions,

e External boundary conditions (weather data and orientation).

These areas had a lack of required data to run dynamic simulations because
they were not required for the SAP model, or were assumed to have a fixed
value in SAP.
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The enhancements to zoning and geometry required a coherent and detailed
investigation of options which led to evolutions of the model. Whereas, the
enhancements for internal boundary conditions, internal thermal mass,
construction materials and weather data were simply based on SAP
guidelines in order to achieve a set of equivalent input data for the dynamic

energy simulation.

3.3.1. Zoning

In designing for heating ventilation and air conditioning systems (HVAC), a
‘zone’ is an area of a building in which temperature is controlled by one
thermostat. The number of zones is based on the thermal demand of various
building spaces. In dwellings, rooms with different heating set-point
temperatures could be individual thermal zones. When modelling dwellings,
the thermal requirements of different spaces should be considered, and

thermal zones should be assigned accordingly.

SAP allows two zones to be implemented in the model: living area and the
rest of the house. EnergyPlus has the capacity to implement as many
thermal zones as required. Previous studies developing dynamic energy
simulation of dwellings have justified their zoning strategy by highlighting the

limitations of the dataset that was used.

In the Canadian Residential Energy End-use Model (CREEM) developed by
Farahbakhsh, Ugursal and Fung (1998), which used dynamic energy
simulation to investigate the impact of various carbon reduction strategies
(see Section 2.4.3); all the habitable rooms in dwellings were assigned to a
single thermal zone. The He et al. Model developed by He, Lee, Taylor, Firth
and Lomas (2014), on the other hand, followed the SAP approach and
considered two zones, separating the living area from the rest of the house
(see Section 2.4.3). These authors justified using their preferred zoning
strategy by highlighting the lack of geometry information in the original
dataset but without presenting any detail on the impact of such a zoning

strategy on the predictions of the model.
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To determine the optimum number of zones to be modelled, three possible
zoning strategies, with varying number and configuration of zones, were

identified and a zoning study was carried out to investigate each strategy.

In the zoning study, a single semi-detached dwelling was modelled three
times with exactly the same physical and thermal characteristics but varying

the zoning strategy in each model:

i.  Single zone strategy: where a single zone was assigned to the whole

dwelling,

ii.  Floor zoning: where two zones were considered - ground floor and first

floor, and

lii.  SAP zoning: where two zones were considered - living area and the

rest of the dwelling.

The predictions of each model were compared to a reference model, where
every habitable room in the dwelling was modelled as an individual thermal
zone, giving a total number of nine zones to the model. The ‘Reference
Model’ is described in detail in Section 4.2. The energy demand and internal
temperature predictions of each model were compared to the predictions of
the reference model and the most suitable zoning strategy was identified and
then used in the RADEM. The detailed description of zoning strategy models,

their results and outcomes of the study is provided in Section 4.3.

3.3.2. Geometry

Building geometry is an important aspect of energy models: heat loss through
fabric and ventilation is highly dependent on building geometry information.
The energy balance between heat loss from the building and the heat gains
into the building identifies the amount of required space heating energy for
maintaining desired thermal conditions. As a result, a very important step in

modelling energy performance of buildings is to understand geometry details
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and to implement those details in the model. The modelled geometry should
be capable of representing the actual heat loss through building fabric.

The (reduced data) modelling dataset provided a limited amount of

information on building geometry:

floor area (m?),

floor height (m),

exposed (heat loss) perimeter (m), and

length of the party wall (m)

Floor area was measured from inner surface of external walls, floor height
was measured from the floor surface to the ceiling surface, exposed
perimeter was the total length of the external wall dividing the dwelling floor
from the external environment or from an unheated adjoining space and,
party wall length identified length of the wall separating two adjacent semi-

detached dwellings.

These details were provided for each floor of the buildings in the modelling
dataset and were intended for use by SAP to calculate the heat loss from the
building fabric. However, a dynamic energy model of the dwellings requires
full three-dimensional geometry. Hence, a methodology was needed to
develop this geometry while retaining the heat loss areas using the limited

details in the modelling dataset.

For the RADEM, the available data was used to create a 3-dimensional
rectangular geometry which maintained the limited details given in the
modelling dataset. The methodology that was developed used the floor areas,
heights, exposed perimeters and party wall lengths of each dwelling to create
three-dimensional geometry for a rectangular building. The methodology was
further developed to include extensions. The resultant geometry was still
rectangular one, with correct party wall length, extension and main building

exposed perimeter and correct floor area.
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The RADEM methodology was tested on a reduced data version of the
‘Reference Model' and predictions were compared to the model which used
all of the information in the ‘Reference Model’. Ultimately, it was possible to
successfully recreate representative three-dimensional geometry from the

reduced data. All details and results are presented in Section 4.4.

3.3.3. Equivalent Construction Materials

The modelling dataset only included the construction type of the external wall,
roof and ground floor. There was no further information on construction
materials or corresponding U-values. Hence, an equivalent set of

construction materials were developed for the RADEM.

The equivalent construction materials for external walls were created such
that the overall U-value of the walls matched the given values in Table S6 of
SAP (SAP, 2012). Table S6 provides the external wall U-values based on
wall type and dwellings’ age band for houses located in England and Wales.
The dwellings in the modelling dataset had three external wall types and
belong to four age bands. Table 3.1 shows the relevant part of Table S6 for

the dwellings in modelling dataset.

Table 3.1 Corresponding U-values (W/m?2K) of the wall types specified in the dataset
based on dwellings’ age band (re-created from Table S6 SAP 2012 (SAP, 2012))

Age band
Wall type
B C D E
Solid brick as built 2.1 2.1 2.1 1.7
Cavity as built 1.6 1.6 1.6 1.6
Filled cavity 0.5 0.5 0.5 0.5

As seen in Table 3.1 there are four different U-values for the external walls of
the dwellings in the modelling dataset. Hence, four sets of construction

materials were required:
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i. Solid brick wall with U-value of 2.1 W/m?K for dwellings with age
bands ‘B’, ‘C’ and ‘D’,

ii.  Solid brick wall with U-value of 1.7 W/m?K for dwellings with age band
‘E!,

jii.  Cavity wall with U-value of 1.6 W/m2K for dwellings with age bands ‘B’,
‘C’, ‘D’ and ‘E’; and

iv.  Filled cavity wall with U-value of 0.5 W/m?K for dwellings with age
bands ‘B’, ‘C’, ‘D’ and ‘E’.

All of the dwellings in the modelling dataset had pitched roof with no or some
insulation. A single construction type was used for all dwellings but with
varying insulation levels. For the dwellings with known insulation thickness,
the roofs were modelled such that they achieved the suggested U-values in
Table S9 SAP 2012 (SAP, 2012): 2.3 W/m?K for roofs with no roof insulation
and U-values between 0.68 W/m?K and 0.14 W/m2K for roof insulation
thickness of 50 mm to 300 mm. For the dwellings with unknown roof
insulation, Table S10 SAP 2012 (SAP, 2012) was used to provide the roof

insulation thickness based on the dwelling’s age band.

All of the ground floors were modelled as solid ground floor such that the
correct U-values were retained. To do so, the guidelines in Section S5.5 SAP
2012 (SAP, 2012) were followed to calculate U-values of suspended ground
floors based on ground floor area and exposed perimeter. The corresponding
U-value was then used to calculate the thickness of necessary insulation for
an equivalent solid ground floor. Knowing the insulation thickness, an
individual solid ground floor reflecting the U-value of each suspended ground
floor in the dataset was modelled.

All dwellings in the modelling dataset had 100% double glazed windows.
Hence, based on Table 6E SAP 2012 (SAP, 2012) a double glazed, air filled
window with 6 mm gap and U-value of 3.1 W/m?K was modelled for all the

dwellings.
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RADEM modelled all of the semi-detached houses as stand-alone buildings,
without the adjoining building. Hence, the models would look like a
rectangular block with three external walls and one party wall (Figure 3.6).
Therefore, a party wall construction was developed in order to capture the

heat loss from this element.

Figure 3.6 Party wall in semi-detached dwellings as modelled in DesignBuilder

In case of cavity wall construction, the party wall can provide a mechanism
for heat loss via air movement within the cavity between lower floors and the
loft space and between the cavity and outside. Hence, SAP 2012 suggests a
U-value of 0.5 W/m?K to account for this party wall bypass. In the case of
solid wall construction, it is assumed that no heat transfer occurs across the

party wall.

Where dwellings in the modelling dataset were of cavity construction, a single
solid party wall with a U-value of 0.5 W/m?K was modelled by the RADEM. In

the case of dwellings with solid wall construction, the party wall was set to be

66



adiabatic and a component block (shown in grey in Figure 3.6) was added to
shade it from incident solar radiation.

In creating the equivalent construction materials for the RdDEM, thermal
bridging was included following the guidelines in SAP 2012 by increasing the
U-value of individual building elements by 0.15W/m?K.

Detailed descriptions of the equivalent construction materials used in the

RdDEM, and the related calculations, are provided in Section 5.2.

3.3.4. Thermal Mass

Thermal mass is the ability of building element to store and release heat.
SAP defines a Thermal Mass Parameter as the sum of (area times heat
capacity) over all construction elements divided by the total floor area (SAP,
2012). So, to calculate the thermal mass of dwellings it is necessary to know
the area of each of the building element (walls, roofs, floors, etc) and their
corresponding thermal heat capacity. In RASAP, the overall thermal mass
parameter of all existing dwellings is assumed to be 250 kJ/m?K. This same
convention was used in the RADEM. A process to derive the thermal mass of
the external elements of the building, from their equivalent constructions, was
developed. This thermal mass value was then deducted from the overall
value of 250 kJ/m?K to find the additional thermal mass required to represent

the internal walls. This is described fully in Section 5.2.5.

3.3.5. Internal Boundary Conditions

The internal boundary conditions in the RADEM were designed to exactly
match those in SAP to enable direct inter-model comparison. Internal heat
gains from occupants, appliances, lighting and cooking were the same as
defined in SAP 2012 Table 5 (SAP, 2012) for the typical gains. Where
required, these gains were calculated based on the number of occupants
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using the SAP guidelines to calculate number of occupants from the
dwellings’ total floor area (see APPENDIX D for details).

For the heating system, the heating periods and set-point temperatures, for
living room and rest of the dwellings, were as described in SAP 2012 Table 9
(SAP, 2012). Detailed descriptions of the calculations used to achieve
internal gains, heating periods and heating temperatures are presented in
APPENDIX D.

3.3.6. External Boundary Conditions: Weather Data and Orientation

To make the predictions from the RADEM comparable to those from SAP,
equivalent weather files were created. SAP uses monthly average values of
the local regional weather for EPC calculations (SAP, 2012): monthly
external temperatures are given in SAP 2012 Table U1, monthly wind speeds
are given in SAP 2012 Table U2 and, monthly solar radiations on horizontal
surfaces are given in SAP 2012 Table U3 (SAP, 2012).

An equivalent hourly weather file was created for the RADEM that was based
on the average values given in SAP 2012. To achieve this, “typical weather
year” data from the International Weather for Energy Calculations (IWEC)
(IWEC, 2001) were used. The IWEC data was available for different regions
of UK. Since all dwellings in the dataset were located in Midlands region of
the UK, the IWEC weather data for Birmingham was used as the basis for

creating the equivalent SAP Midlands weather data.

The hourly data for external temperature, wind speed and solar radiation in
IWEC Birmingham weather data was averaged for each month. Using the
SAP average values for Midlands, a conversion factor for converting monthly
averaged Birmingham weather data to SAP data was calculated for each of
external temperature, wind speed and solar radiation monthly values. Then,
all the hourly values in IWEC Birmingham weather file were multiplied by the
corresponding conversion factor. In this way, an equivalent weather file which
had the matching monthly average values to SAP Midlands weather data

was created.
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Due to unknown orientation of dwellings in the dataset, SAP orientation of
East-West was used in modelling dataset dwellings. As a result, the main

windows are located on East and West facing walls of the dwellings.

Detailed description of the calculations used to achieve monthly averages of
external temperature, wind speed and solar radiation, and the resultant

values in the equivalent weather file are presented in Section 5.3.

3.4. Translation of Data: The RADEM Translator

A translator is a code script that converts a programme written in one
programming language into functionally equivalent programme in a different
programming language without losing the logical structure of the original
programme. In this study, the translator was a piece of code script that
converted the reduced data into input data file format required for EnergyPlus,
without changing the characteristic nature of data. The RADEM translator
script was written in MATLAB R2015a software package to convert XML files
in the dataset into EnergyPlus version 8.3.0 Input Data File (IDF). Both XML
and EnergyPlus IDF are text based formats used to store data and could be
accessed, read and modified by most of available text editors. MATLAB is an
object-oriented programming software which has advantage over simple text
editors in handling text based formats. MATLAB allowed storing XML files in
form of MATLAB Structures while converting the data in XML format into
EnergyPlus IDF. Use of MATLAB Structures provides flexibility in handling

large datasets and speeds up the translation process.

In the translation process, there were two types of data which needed to be
handled differently. The first set of data were exactly the same for all of the
dwellings in the modelling dataset and therefore could be translated into the
IDFs only once. This fixed set of data included: zoning details, a scalable
rectangular geometrical layout, a full set of construction materials, heating
systems and heating periods, simulation details, and weather data. The

second set of data varied from dwelling to dwelling and needed to be
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translated individually for each dwelling. This varying set of data included:

internal mass, geometry and internal boundary condition details.

The fixed data were identified and written to a template IDF (TIDF) that the
translator then filled with the varying data for each dwelling. A detailed
description of the TIDF, the RADEM translator and the checks performed to
ensure effective and robust function of translation process is provided in
Section 6.2 and 6.3. The translation process was tested using the reference

model with different levels of detail and different modelling strategies:

i. A detailed dynamic model created by hand in DesignBuilder.
ii. A manually reduced dynamic model created by hand in EnergyPlus.

iii.  An automated reduced dynamic model in EnergyPlus, created using
the RADEM translator.

iv. A steady-state model, created by hand in SAP.

Results from four variants of the reference model were compared and

presented in Section 6.3.

Having tested and verified the performance of RADEM translator, a further
study was carried out to verify the code script for the data preparation
process. To do so, the RADEM predictions of three of the dwellings from the
modelling dataset were compared to more detailed DesignBuilder models’
predictions of the same three dwellings. All of the results of the RADEM
translator and data preparation verification together with the RdADEM

predictions are presented in Chapter 6.
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3.5. Summary

This chapter provided an overview of the methods for developing the RADEM.
A suitable modelling dataset was identified from DEFACTO project, which
completes objective 2 (Identify a suitable dataset of UK dwellings to be used
as the source of modelling data). The modelling dataset is formed of EPC
XML files which contain reduced data on 83 semi-detached dwellings located
in the Midlands region of the UK. A new data preparation process was
developed for defining zoning and enhanced geometry, defining equivalent
construction and thermal mass and, defining equivalent boundary conditions.
This data preparation process will be tested in Chapter 4 (Zoning and
enhanced geometry) and Chapter 5 (Equivalent construction materials and
boundary conditions) to complete objective 3 (Develop and test a data
preparation process that will enhance the reduced data in order to produce
an equivalent set of detailed data that is suitable for dynamic energy
simulation). Finally, the RADEM was completed by defining a translation
process in order to create EnergyPlus IDFs as detailed in Chapter 6, which
completes objective 4 (Develop and run a reduced data dynamic energy
model of UK dwellings that translates the prepared data into a form suitable

for dynamic simulation using established models).
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4. ZONING AND ENHANCED GEOMETRY

4.1. Introduction

The first step in the data preparation process of the RADEM is to define the
zoning and enhanced geometry of the building from its reduced data (see
Section 3.1). This chapter describes the processes that were used to identify
the most suitable zoning strategy and the best way to enhance the geometry
in pursuit of Objectives 3 (Develop and test a data preparation process that
will enhance the reduced data in order to produce an equivalent set of
detailed data that is suitable for dynamic energy simulation) and 4 (Develop
and run a reduced data dynamic energy model of UK dwellings that
translates the prepared data into a form suitable for dynamic simulation using
established models). The chapter starts with describing the ‘Reference Model’
(Section 4.2). The reference model uses a fully detailed input dataset and
provides a comparator for investigating the impact of different zoning
strategies and geometry enhancement techniques on the model predictions.
The various strategies were developed based on the reduced data available
in the modelling dataset and the suitability of each strategy was investigated

through comparison with the detailed reference model.

The process for choosing the most suitable zoning strategy is described in
Section 4.3 and the process of developing the most suitable technique to
enhance the geometry is explained in Section 4.4. An enhanced geometry
modelling technique is developed based on the reduced geometry details
available in the modelling dataset. The DesignBuilder software package
version 4.6.0.015 (DesignBuilder, 2015) was used to create the reference
models and all subsequent models required to test the strategies and
techniques. This version of Design Builder uses EnergyPlus version 8.3.0.
EnergyPlus (US Department of Energy, 2012) is a well-known and powerful
multizone building simulation tool which has more international recognition to
its competitors (including IES VE which is used mainly in the UK for
developing EPCs for commercial buildings). Besides, EnergyPlus is an open
source code which provides more flexibility in automating the data translation.
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4.2. Reference Model

The reference model was a two storey, semi-detached house, as described
by Allen and Pinney (1990) - hereafter referred to as A&P. This house was
chosen as the reference model because it represented a built form similar to
the houses in the dataset (i.e. semi-detached); and possessed sufficient

details so that no major assumptions were required.

4.2.1. Building Geometry

Building geometry details are provided as floor plans and building elevations
by A&P, and re-created in Figure 4.1. Ground floor has floor-to-ceiling height
of 2.40 m while floor-to-ceiling height of the first floor is 2.30 m. Internal and
external walls have thickness of 0.14 m and 0.29 m, respectively. House
geometry was modelled in using the exact dimensions from A&P. As
suggested by A&P, double height was applied to the stair cases by creating a
hole on the ceiling of ground floor hall (floor of first floor landing). Size of the
hole is not specified explicitly by A&P but based on floor plans it was derived

to be 2.3 m long and 0.95 m wide.

— L
Kitchen athroom
Sm? Dining room 5m? Bedroom 1
14m? 14m?
f |
' I
i — Bedroom 2
Living room 1
15.1m? [Bedroom 15 1m-
3
S5m’

- | I~

Figure 4.1 Floor plans of the semi-detached A&P house (left: ground floor, right: first

floor) and floor area (m?) of each room (re-created from (Allen and Pinney, 1990))
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Both of the houses in the semi-detached pair were modelled, with the
attached house being a mirror image about the party wall. Figure 4.2
presents the front and back view of the semi-detached A&P house model in
DesignBuilder. External walls and internal floors were created by extruding
wall and floor thickness towards the inside of the building (DesignBuilder,
2015). Hence, in creating the house model, internal floor thickness (0.255m)
was added to the first floor height and external walls’ thickness (0.29 m) was
added to each side of floor plans. The roof and ground floor were treated as
separate building elements and their thickness was not included in the floor
heights.

Figure 4.2 Front (left) and back (right) view of the semi-detached A&P house model

in DesignBuilder

The width and height of each window was entered separately, including the
frame according to the window corner definition in DesignBuilder (Figure 4.3).
No information was given about window dividers in A&P; hence, no window

dividers were modelled in the reference model.

Internal and external doors were modelled explicitly. The dwelling has two
external doors, one in each of ground floor hall and kitchen and the front door
has a window occupying one third of the door area. This window increases
the door U-value from 2.5 W/m?K to 3 W/m?K. To simplify for DesignBuilder,
the door was modelled as solid wood having a U-value of 3 W/m?K to

represent presence the same rate of heat transfer.
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Figure 4.3 Window frame definition in DesignBuilder (DesignBuilder, 2015).

Note that dividers were not present in the reference model.

A&P do not provide any information on the dimensions of the roof: e.g. height,
pitch and overhang. The roof of the reference model was modelled with 35°
pitch, 0.3 m overhang and 2.5 m height to match the roof of the semi-
detached house model in a similar study by Yilmaz et al. (2014). The roof
was set to be a semi-exterior, unconditioned zone which was included in

thermal calculations in the DesignBuilder.

4.2.2. Construction Materials

Construction details for the reference model, describing the materials used in
each layer of the building elements and providing physical properties for

these materials, were all taken from the A&P house description (Table 4.1).

The external wall type was a cavity wall with bricks on both sides (outer leaf
brick has higher conductivity compared to inner leaf) and plaster on the inner

side. Internal and party walls were constructed of only the inner leaf brick and
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plastered faces. Internal ceilings/floors were air cavity enclosed with timber
and plasterboard layers. Roof was composed of roof tiles on outside with

glass fibre quilt insulation and plasterboard.

A new glazing type with 6 mm clear float glass was created in DesignBuilder,
using the simple glazing definition. All windows were single glazed with
timber frame covering 30% of overall window area. The glazing had an
overall U-value of 4.3 W/m?K. Window frames and doors were composed of
softwood with 0.03 m and 0.07 m thickness, respectively. The glazing has

total solar transmission of 0.78 and light transmission of 0.88.

The building ground floor was modelled as a 100 mm concrete slab which
matched the U-value of 0.74 W/m?K given by A&P.

In EnergyPlus dynamic energy simulations, the average monthly ground
surface temperatures under the building is used as the outside surface
temperature for all surfaces adjacent to the ground. According to EnergyPlus
documentation, the undisturbed ground temperatures calculated by
EnergyPlus’s weather converter program are often not appropriate for
building heat loss calculations as these values are too extreme for the soll
under a conditioned building (US Department of Energy, 2013). EnergyPlus
documentation suggests using ground temperatures of 2°C below mean
internal temperatures for large commercial buildings in the US. However, it
does not suggest any method for calculating or estimating ground surface
temperature for small residential buildings. Lstiburek (2008) suggests that a
reasonable rule of thumb to estimate the ground surface temperature is to
use the average annual ambient air temperature of that location. In absence
of any other reference, the average annual ambient air temperature of 10°C
was calculated from the weather file (Table 4.4) and used for all months of

the year. Detailed description of the weather file is presented in section 4.2.6.
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Table 4.1 Construction materials, each layer’s thickness, physical properties of

building elements (density, thermal conductivity and specific heat capacity

Construction Materials as Described by A&P

Building Thermal Specific
Thickness | Density Heat
Element | viaterial m) (kg/m?) Conductivity c "
apaci
(W/mK) pactty
(J/kgK)
Plaster
(medium 0.016 800 0.26 1000
density)
External IB”‘;)" (inner 0.105 1700 0.62 800
ea
Walls
Cavity 0.065 N/A N/A N/A
Brick (outer 0.105 1700 0.84 800
leaf)
Plaster
(medium 0.016 800 0.26 1000
Internal )
density)
and o
Brick (inner 0.105 1700 0.62 800
party leaf)
Walls Plaster
(medium 0.016 800 0.26 1000
density)
Carpet 0.005 160 0.06 1000
Internal Timber 0.020 650 0.14 1200
floors Cavity 0.200 N/A N/A N/A
Plasterboard 0.010 950 0.16 840
Timber 0.020 650 0.14 1200
Internal
. Cavity 0.200 N/A N/A N/A
Ceiling
Plasterboard 0.010 950 0.16 840
Plasterboard 0.010 950 0.16 840
Roof Glass fibre 0.105 250 0.04 840
quilt
Roofing tiles 0.010 1900 0.84 800
Glazing 0.006 2500 1.05 750
Window Softwood
0.03 230 0.12 2760
(Frame)
Doors Softwood 0.07 230 0.12 2760
Ground
Concrete slab 0.100 2400 0.16 880
Floor
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4.2.3. Internal Gains

A&P gives the rates and timings of internal heat gains from occupants,
cooking, lighting, refrigerator, television and hot water for each room (Table
4.2). Separate profiles were created in DesignBuilder for each of occupancy,
appliances and lighting gains in each room in order to model the identical
heat gains. Figure 4.4 shows occupancy heat gain profiles for each room. It
can be seen that the living room is occupied for 6 hours in the evening, while
the dining room and the kitchen are occupied for one hour in the morning for
breakfast and two hours in the evening for dinner. Bedrooms 1 and 3
(children’s bedroom) are occupied for 12 hours and the main (parent’s)
bedroom is occupied for 9 hours during night. The latent (40%) and sensible
(60%) split of heat gains, given by A&P, were used for the metabolic and hot

water gains.

Lighting gain profiles were created in DesignBuilder for individual rooms
(Figure 4.5). No lighting gains are given for bedrooms as A&P consider that
these rooms are occupied only for sleeping purpose. As seen in Figure 4.4
and Figure 4.5, lighting profiles coincide with occupancy gain profiles which
show that rooms are lit only when they are occupied.
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Table 4.2 A&P rates and times of occurrence of internal heat gains from occupants,

cooking, lighting, refrigerator, television and hot water (re-created from (Allen and

Pinney, 1990))

Internal Gains (W)
Room
Hot
Type Occupants Light TV Cooker Fridge water
Livin 17.0-18.0
9 17.0-23.0 | 17.0-23.0 | (135)
room (144) (212) 20.0-22.0
(158)
. 08.0-09.0 | 08.0-09.0
Dining (140) (126)
room 18.0-20.0 | 18.0-20.0
(115) (171)
07.0-08.0 | 57,0-08.0 07.0-08.0
kitchen | 8% (56) (1190) 00.0-24.0 | 00.0-24.0
18.0-21.0 | 18.0-21.0 18.0-21.0 | (60) (77)
(84) (56) (1700)
00.0-09.0
Bedroom | (38)
1 21.0-24.0
(38)
00.0-08.0
Bedroom | (148)
) 23.0-24.0
(148)
00.0-09.0
Bedroom | (38)
3 21.0-24.0
(38)
07.0-08.0
07.0-08.0
(100) (100)
Bathroom (1476?_18'0 17.0-18.0 00.0-24.0
(40) (77)
21.0_23-0 21.0_23.0
(35) (35)
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4.2.4. Heating System

The heating system for the reference model comprised a central heating and
radiators. A&P give no details on boiler type and so a regular natural gas
boiler with 85%
DesignBuilder’s detailed HVAC option (DesignBuilder, 2015).

efficiency was used. These were modelled using

The daily heating periods given by A&P are 07:00 to 09:00 and 16:00 to
23:00 for the heating season: 1%t October to 31t May. This was modelled
using the boiler operation availability schedule of DesignBuilder’s circulating
hot water loop data (DesignBuilder, 2015). The radiators availability
schedules were set to be always ‘ON’. There was no information available
regarding the pipe run in A&P; and, all the pipes in the system were therefore

assumed to be adiabatic in the reference model.

A&P provides heating set point temperatures for each room (Table 4.3) and
so each room of the dwelling was modelled as a separate thermal zone
which resulted in 9 different thermal zones. The zone type of the roof was set
to a semi-exterior unconditioned, unoccupied and there was no heating or

cooling assigned.

Table 4.3 Heating set-point temperature for individual rooms semi-detached dwelling

(re-created from (Allen and Pinney, 1990))

Heating set-point Heating set-point
Room type Room Type

temperature temperature
Living room 21°C Bedroom 1 18°C
Dining room 21°C Bedroom 2 18°C
Kitchen 18°C Bedroom 3 18°C
Hall and Landings 16°C Bathroom 22°C
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4.2.5. Ventilation and Infiltration

A&P provide mean infiltration rates for each room and also a constant
infiltration rate for the whole house as derived from whole house and single
room measurements. These measurements were conducted in an
unoccupied house with closed windows and A&P suggest that occupants will
open and close windows in response to prevailing conditions and higher
overall infiltration rates would be closer to reality; however, for the purpose of
inter-model comparison and model verification they suggest a single
infiltration rate of 0.7 ACH (Allen and Pinney, 1990). Hence, ventilation
window opening was excluded from the reference model and fabric infiltration

of 0.7 ACH was assigned to each room.

There was no information on the ventilation rate of the loft space in the A&P
house description. The ventilation rates of loft spaces have been measured
in a number of other studies. Dietz et al. (1986) conducted detail multi-zone
PFT gas measurements in a number of homes in the US and reported 3 ACH
as “typical” for ventilation rate of loft spaces. I'anson et al. (1982) measured
loft space ventilation rate of 4.3 ACH in a middle terraced three-bedroom
house using three tracer gases. Allinson (2007) modelled ventilated pitched
roofs during low wind speed conditions in the UK and chose a ventilation rate
of 2 ACH according to assumptions by Burch (1980). For the reference
model, the same Burch assumption was employed and an infiltration rate of 2
ACH was assigned to the roof zone.

4.2.6. Orientation and Weather Data

A&P doesn’t specify any building orientation or external weather. The
reduced form of SAP (RASAP) assumes an East-West orientation for all
dwellings (RASAP, 2012) but Yilmaz et al. (2014) modelled the same A&P
building and used South-North orientation. In order to compare the results of
the reference model with the work of Yilmaz et al (2014) the same South-

North orientation was used here with the front of building facing South.
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The weather file was also the same as used by Yilmaz et al. (2014). It was

CIBSE ‘Kew67’ and has been widely used in other modelling studies

(Shorrock et al., 1996). This weather file is in (.csv) format and an

EnergyPlus weather file format (.epw) version was created using the

EnergyPlus custom weather data translation tool (EnergyPlus Weather

Convertor, 2015). The Kew67 weather file is summarised in Table 4.4.

Table 4.4 Mean monthly temperature, wind speed and horizontal global radiation of
Kew67 Example Weather Year (EWY) weather file

EWY monthly mean | EWY monthly mean | EWY monthly mean
Month Temperature Wind speed horizontal global
(°C) (m/s) radiation (W/m?2)
Jan 4.4 4.9 27.5
Feb 4.1 3.9 39.2
Mar 6.4 4.2 99.6
Apr 9.1 3.8 142.5
May 12.9 3.9 194.2
Jun 15.5 35 205.4
Jul 15.5 3.7 159.2
Aug 155 3.1 162.5
Sep 13.1 3.1 1125
Oct 9.4 2.7 75
Nov 8.7 3.5 29.2
Dec 4.9 4.8 19.6

4.2.7. Results of the Reference Model

The reference model was verified by comparing the space heating energy

consumption to the result of 8,491 kWh/year reported by Yilmaz et al. (2014).

The reference model predictions showed space heating energy consumption

83



of 8,451kWh/year, which is only 1.5% lower. The small difference between
the two predictions may be due to slightly different assumptions:

e Yilmaz et al. (2014) treated internal doors as internal walls while in this
study internal doors were modelled explicitly. This affects the modelled
thermal mass in as internal doors have a lower heat capacity.

e Yilmaz et al. (2014) modelled the party wall as an adiabatic wall, while in
this study the neighbouring dwellings and party wall were modelled

explicitly (see Section 4 and Figure 4.2).

e Yilmaz et al. (2014) did not provide details on infiltration rate of the roof

space so it is not known if the same assumption of 2 ACH was used.

4.3. Zoning

This section describes the process of determining the most suitable zoning
strategy for creating a model from reduced data in which room layout and
dimensions are not given. Three simplifications of the thermal zoning were
trialled to determine which simplification best reproduced the predictions of
the reference model (where each room was modelled as an individual

thermal zone).

4.3.1. Zoning Strategies

The first zoning strategy, ‘SAP’ zoning, employed the two zones defined by
SAP (2012): the living area and the rest of the house. According to SAP
(2012), living area is the room marked on a plan as the lounge or living room,
or the largest public room, irrespective of usage by particular occupants.
Hence, a thermal zone was assigned to the living room of the reference
model (Figure 4.1) and all the remaining thermal zones were combined to

create the second thermal zone in the model.
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The second zoning strategy, ‘Floor’ zoning, was developed such that each
floor of the house was a separate thermal zone. The third zoning strategy,
‘Single’ zoning, was developed by combining all the thermal zones in the

reference model to create a single zone model

The three zoning strategies are illustrated by complexity in Figure 4.6.
Although the ‘Floor’ and ‘SAP’ strategies have the same number of zones,
‘SAP’ zoning is geometrically more complex than ‘Floor’ zoning as the ground
floor must be divided and the location of living room is not known in the
modelling dataset. This also adds extra complexity in modelling internal gains

and set-point temperatures.

Reference
model

Number of zones

Floor SAP
zoning Zoning

Single
zone

Model complexity

Figure 4.6 Zoning strategies, their level of complexity and number of zones

In applying each of the zoning strategies to the reference model, the internal
gains assigned to each room (section 4.2.3) were combined and averaged

for each zone by floor area. Heating set-point temperatures in each of the
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simplified zones were also averaged by floor area as summarised in Table
4.5. All other properties of the models, such as building geometry,
construction materials, heating system, ventilation, infiltration, and orientation
were independent of zoning strategy and were kept the same as the

reference model.

Table 4.5 Heating set-points averaged over zone area in each zoning strategy

. . Single
Room type Reference | SAP zoning Floor zoning
zone
Bedrooms 18°C
Living Ground
Living room 21°C 21°C 19.5°C
room floor
Dining room 21°C
18.9°C
Kitchen 18°C Rest of i
R irs
Bathroom 22°C the 18.4°C 18.3°C
floor

Hall/Landing 16°C house

4.3.2. Simulation Results

Two different simulations were run for the reference model and the models
with each zoning strategy. This was so that the performance of the models
could be compared in different conditions: summertime (May to September)
with no internal gains, and wintertime (October to April), with heating and
internal gains. This tested different aspects of the assumptions used for the

zoning strategies.

Internal temperature predictions from the three zoning strategies were
compared to those from the reference model for summertime as seen in
Figure 4.7. All three zoning strategies under-predicted maximum mean daily
internal temperature by about 1°C in comparison with the reference model

(Figure 4.7 (a)). Minimum mean daily internal temperature (Figure 4.7 (b)), is

86



over-predicted by all three zoning strategies with ‘Floor’ zoning showing

results slightly closer to the reference model.

Monthly mean internal temperature graphs (Figure 4.7 (c) and (d)) show a
similar trend to the daily graphs and all zoning strategies predicting higher
maximum monthly temperatures and lower minimum temperatures compared
to the reference model. Figure 4.7 (c) shows ‘Floor’ zoning predicts maximum
mean monthly internal temperatures better than the other zoning strategies.
In all graphs presented in Figure 4.7 the ‘Single’ zoning strategy gives the
poorest predictions. These results suggest that in hot summer weather
conditions, all zoning strategies have the potential to underestimate the
number of overheating hours compared to the reference model. However,

‘Floor’ zoning is marginally better for overheating risk assessment.

The simulation results for winter conditions (Figure 4.8) show a larger
difference between predictions. All three zoning strategies predict lower
maximum mean daily temperatures in the winter (Figure 4.8 (a)) with ‘SAP’
zoning giving closer predictions to the reference model. During the entire
winter period, ‘SAP’ zoning predicts maximum mean daily temperatures
within about 0.5°C of the reference model. All three zoning strategies predict
warmer minimum mean daily temperatures compared to the reference model
(Figure 4.8 (b)). The maximum and minimum mean monthly temperatures
have similar trend to mean daily maximum and minimum values (Figure 4.8
(c) and (d)). ‘SAP’ zoning predicts maximum mean monthly temperatures that
are closer to the reference model during heating season and, similarly to the
summer results, ‘Single’ zoning gave the worst predictions compared to the

reference model.

Overall, the ‘Single’ zone strategy was not suitable, ‘Floor’ zoning gave better
predictions of internal temperatures in summer condition and ‘SAP’ zoning
was better under winter conditions. In order to decide on which of these
zoning strategies is more suitable, space heating demand predictions from

each zoning strategy were also analysed.
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As seen in Figure 4.9, throughout the heating season ‘SAP’ zoning predicted
the highest space heating demand each month while the results for ‘Floor’
zoning were closer to the reference model. A similar trend is observed in the
annual space heating demand predictions shown in Table 4.6. Therefore,
‘Floor’ zoning was chosen as the most suitable strategy for implementation in
the RADEM.

1800 -
1600 -
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400 -
200 -

0 T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Space heating energy demand (kWh)

Time (Month)

mSingle ®SAP ®=Floor mReference

Figure 4.9 Monthly space heating energy demand of the three zoning strategies

Table 4.6 Space heating energy demand of the three zoning strategies compared to

the reference model

_ Space heating Difference to
Zoning
demand the reference
strategy
(kWh/year) model
Single zone 8612 1.9%
SAP zoning 8802 4.0%
Floor zoning 8463 0.1%
Reference 8451 -




4.4. Enhanced Geometry

This section describes the process of choosing the best method to enhance
the reduced geometry data available in the modelling dataset. The

predictions were compared to those from the reference model and a method
for including extensions was added.

4.4.1. Modelling Geometry

The modelling dataset includes numerical values for floor area, floor height,
party wall length, and heat loss perimeter but there are no details of the
three-dimensional geometry of the dwellings. The aim in enhancing the
geometry was to preserve the values given, while creating the full three-
dimensional geometry. Three possible potential layouts were considered for
a hypothetical dwelling in the dataset (Figure 4.10). It can be seen that ratio
of floor area to party wall length to heat loss perimeter differs in each of the

layouts. There is not one simple geometry that will work in all cases.

Party wall
Party wall
Party wall

Figure 4.10 Possible geometry layouts and party wall location for the dwellings in

the dataset
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Figure 4.11 shows the methodology that was developed to enhance the
geometry, which maintains the heat loss areas and preserves the reduced
geometry details available in the dataset: party wall length, heat loss
perimeter and floor height. The length of the created building is equal to the
party wall length and its width is derived from the heat loss perimeter and
party wall length (Equation 4.1).

Py — Lpw

W= W 4.1
2

Where ‘W’ is the width, ‘Pu.’ is the heat loss perimeter and ‘Lpw/’ is the party
wall length. Hence, the footprint area of the modelled building (Awmodel)

becomes (Equation 4.2):

AModel == LPW X W 4.2

In this way heat loss perimeter, party wall length and floor height given in the
dataset are all preserved. The resulting floor area was then checked against
dwellings’ actual floor area. If the actual building layout was rectangular
(layout ‘1’ in Figure 4.10), then the modelled building’s floor area would be
the same as the dwelling and no further processing would be necessary.
However, if the actual building had non-rectangular layout (layouts 2’ and ‘3’

in Figure 4.10); two cases would be possible.

The first case is where the floor area of the actual dwelling is larger than that
of the model (left branch of the graph in Figure 4.11). In this case the width
(W) in the model was replaced with a dummy width (Waummy) which was
derived from the actual dwelling’s area (A) and party wall length (Lpw) in

Equation 4.3.

A

Wdummy = I 4.3
PW
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A: Floor Area

Py.: Heat Loss Perimeter
H: Floor Height

Lpyy: Party Wall Length

IF A> AModeI IF A< AMDdel
v \
Define: .
A IF A= Ayogel A szﬁe' A
Wdummy = E Excess Mode!
W adiabatic = Wdummy -w ¥
Wdummy w w
AI'|r1|:u:||3I
N
|::‘HL A LF"'."‘-.’ PH L A Lp\_.n._.l PHL \\ Lp\_.n._a
D
AExcess

WAdiabaﬁc

Figure 4.11 The methodology developed to model dwellings’ geometry using the reduced data available in the modelling dataset



This preserves the floor area and party wall length but increase the heat loss
perimeter. To preserve the heat loss perimeter, an adiabatic wall was added
to the model with length (Equation 4.4):

Waaiavatic = Waummy — W 4.4

The second case is where the floor area of the model is larger than that of
the actual dwelling (right branch of the graph in Figure 4.11). In this case a
block with zero heat capacity was added to the middle of the modelled
building to remove the excess floor area (Aexcess) and the additional volume

of room air.

In applying this geometry enhancement methodology to the houses in the
modelling dataset, it was found that the model always had a floor area larger
or equal to the actual dwellings’ floor area. Hence, the first case, where
modelled area was smaller than the actual floor area, never happened in any

of the modelling dataset houses.

A modified version of the reference model described in Section 4.2 was used
to test the impact of modelling an L-shaped layout as a rectangular block.
The reference model was extended to create an L-shaped layout. The width
of the building was unchanged and an additional 25% was added to the floor
area as an extension using DesignBuilder. As a result, individual window
areas and internal wall areas were also increased by 25%. This ‘geometry
reference model’ was created as a two zone model, separating ground and
first floor following the findings of the zoning study in Section 4.3. The same
total heat gains were used which resulted lower heat gains per square meter
(due to the increased floor area). The lumped heat gain values were
decreased to 1.6 W/m? and 0.9 W/m? for ground and first floors, respectively.
The ground floor had heating set-point of 19.5°C and first floor had a heating
set-point of 18.3°C. All other details were kept the same as the reference
model.

To test the geometry enhancement method, the L-shaped layout of the

geometry reference model was converted into a rectangular layout, following
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Figure 4.11, and modelled in DesignBuilder as the ‘design geometry model’.
Figure 4.12 shows the reference model, the geometry reference model and,
the design geometry model. The geometry reference model had floor area of
110.5 m? and party wall length of 15.4 m. The design geometry model’s
length was kept as 15.4 m and its width was derived from Equation 4.1 as 8.6

m. The rectangular design geometry model had floor area of 132.4 m?2,

Figure 4.12 Left to right: The reference model, the reference geometry model and

the design geometry model as created in DesigBuilder software package

Figure 4.13 shows the process of transforming the reference geometry model
to design geometry model created in DesignBuilder. A block with zero heat
capacity was added to the middle of rectangular model to remove the excess
floor area of 21.9 m2. The space inside the extra block was excluded from
thermal and radiance daylighting simulations and therefore it had no impact

on model predictions.
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A=110.5m? Akxcess
_— 21.9
m2

Figure 4.13 Transforming the reference geometry model to design geometry model

4.4.2. Simulation Results

Simulations were run for one complete year on the reference geometry and
design geometry models. Predictions from the two models were compared to
test the geometry enhancement method. Figure 4.14 shows the comparison
of monthly space heating demand, infiltration and solar gain; and Figure 4.15
shows the comparison of daily and monthly internal temperatures. It can be
seen that there is very close alignment between monthly infiltration and solar
gains. The difference in space heating demand was less than 1% in all
months and the annual space heating demand was within 3 kWh/year. The
monthly difference between internal air temperature predictions (Figure 4.15)
did not exceed 0.5°C. This close alignment of the predictions demonstrated
that this method for enhancing the geometry was suitable for use in the
RADEM.
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gain estimates of the design geometry model compared to the reference geometry

model
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4.4.3. Modelling Extensions

More than half of the houses in the modelling dataset have one or more
extensions. Extensions are additions to a house that were built after the main
building and therefore have a different age band and construction materials
compared to the main building. Hence, the methodology was extended to
include extensions in the model. This was necessary as the extensions
formed a considerable proportion of the dwellings’ floor area and would

impact model predictions.

The reduced dataset includes age band and wall/floor type for extensions as
well as floor area, floor height and heat loss perimeter, but no details on the
location of extensions. Figure 4.16 shows five possible ways that extensions
could be included. The red lines show external walls of the extensions. The
first three solutions consider the extension in different locations. The last two
solutions combine the floor area and heat loss perimeter of the extension
with that of the main building. A method was chosen to reduce the complexity

and preserve the geometry.

[1] 2] 2] 4] 5]

Figure 4.16 Possible solutions to model extensions (red lines represent extension

walls)

Solutions four and five introduced the lowest number of vertices compared to
the other solutions and were therefore preferred. Also, modelling extensions

as separate blocks was problematic as the location was not known and this
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would impact on the location of fenestration and amount of solar heat gain
into the building model. Solution four had the lowest number of vertices and
therefore the least complexity but made it difficult to maintain the heat loss
perimeter of the main building and extensions. Hence, the five-vertex model

was chosen for implementation in the RADEM.

To better understand the five-vertex solution, imagine a simple rectangular
geometry with a square extension (Figure 4.17). The extension has floor area
of 4 m? and exposed perimeter of 6 m while the main building has floor area
of 40 m? and exposed perimeter of 16 m. The extension is combined with the
main building while keeping the party wall length and increasing the width of

rectangular geometry.

2 2 Extension wall

3 1 6
® *——FD

A= 44 m?

AExcess 8

12 m?

[==]
Main building wall
[=-]
Party wall

Figure 4.17 Modelling the extensions using five-vertex solution

The resultant five-vertex geometry has an extra area of 12 m? which is
removed by introducing a block with zero heat capacity (as described in
Section 4.4.1). As seen in the five-vertex geometry in Figure 4.17, the
exposed perimeter of the extension (shown in red) and exposed perimeter of
the main building (shown in black) are both conserved. In this way, different
construction materials can be assigned for extension and main building walls,

and party wall.

The five-vertex solution to model extensions was tested on the reference

model to examine its suitability for modelling the houses in the dataset. Since
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the original reference model didn’t have any extensions, a single-storey and
a two-storey extension were added to the reference model (Figure 4.18). The
single storey extension’s floor area was 25% of the ground floors, and the
two storey extensions floor area was 25% of the total floor area. The roof of
the extensions was modelled in a similar way to the main building and
window areas were increased in proportion with floor area. The total heat
gains remained the same and therefore decreased per unit floor area, to 1.6

W/m? and 0.9 W/m? for ground and first floors.

Figure 4.18 The reference model with single storey and two storey extensions

The dwelling models shown in Figure 4.18 were re-created using the five-
vertex solution such that the total floor area, party wall length and exposed
perimeter of both the main building and extensions were conserved.
Simulations were run, and annual space heating demands were compared
(Figure 4.19).

As seen in Figure 4.19, the prediction of space heating demand for the five-
vertex solution were 2.3% lower than the reference model. The close
alignment between predictions was also observed in mean monthly internal
temperatures and the five-vertex solution for modelling the houses with

extensions was deemed to be suitable for use in the RADEM.
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Figure 4.19 Annual space heating demand comparison of the reference model with

extensions with five-vertex solution

4.5. Summary

This chapter described the processes that were used to identify the most
suitable zoning strategy and the best way to enhance the geometry. These
were required because the modelling dataset (reduced data) did not include
internal layout of the dwellings or the three-dimensional geometry required

for dynamic energy simulation.

A reference model, based on a semi-detached dwelling that was similar to
dwellings in the modelling dataset, was defined and modelled in detail. The
model results were verified by comparison with results in the literature. The
reference dwelling was then used to test zoning strategies and ways to

enhance geometry.

Zoning the dwellings floor by floor was found to be better than using a single

zone or a separate living room zone. The predictions of annual energy
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demand and internal temperatures were similar to the detailed model when

this zoning strategy was used.

A method was developed to preserve all of the values given in the modelling
dataset (floor area, party wall length and heat loss perimeter) while creating
full three-dimensional geometry. The method was tested on an extended
version of the reference model and a very close alignment was found (within
1%). The methodology was also tested when extensions were present, and a

similar close alignment was observed.

The zoning strategy and method for enhancing the geometry were included
in the RADEM. This completed Objectives 3 (Develop and test a data
preparation process that will enhance the reduced data in order to produce
an equivalent set of detailed data that is suitable for dynamic energy
simulation) and 4 (Develop and run a reduced data dynamic energy model of
UK dwellings that translates the prepared data into a form suitable for
dynamic simulation using established models) in part. The generation of
further enhanced and equivalent data for the RADEM is continued in the next
chapter.
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5. EQUIVALENT CONSTRUCTION MATERIALS AND

BOUNDARY CONDITIONS

5.1. Introduction

This chapter describes the processes used in the RADEM to derive SAP
equivalent input parameters for construction materials, thermal mass, and the
internal and external boundary conditions, towards Objective 4 (Develop and
run a reduced data dynamic energy model of UK dwellings that translates the
prepared data into a form suitable for dynamic simulation using established
models) and completing Objective 3 (Develop and test a data preparation
process that will enhance the reduced data in order to produce an equivalent
set of detailed data that is suitable for dynamic energy simulation). The
modelling dataset only provides information on construction types and does
not give any details about materials used in different building elements.
Section 5.2 explains the process of re-creating construction materials for
various building elements based on reduced data such that the U-value of
each building element match the values given by SAP. The process of
matching the thermal mass to SAP assumptions is also described. The
chapter continues with describing the process of deriving SAP equivalent
internal boundary conditions: internal heat gains and heating systems, losses,
infiltration and ventilation (APPENDIX D). The chapter concludes with
describing the methodology used to develop SAP equivalent external

boundary conditions, i.e. weather data (Section 5.3).

5.2. Equivalent Construction Materials

The RADEM contains a library of constructions that are equivalent to those in
SAP for the external walls, roofs, ground floors, doors and windows. In this
way they have the same U-values as those identified in SAP 2012 (see
Section 3.3.3). The constructions were created in DesignBuilder and added
to the IDF template (see Section 6.2.1) for use with the RADEM.
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5.2.1. External Walls

In case of the external walls, four set of constructions were required to
represent the houses in the modelling dataset, using Table S6 for U-values
and Table S3 for wall thickness (SAP, 2012):

i. Solid brick walls in age bands ‘B’, ‘C, and ‘D’ with U-value of 2.1
W/maK.

ii. Solid brick walls in age band ‘E’ with U-value of 1.7 W/m?K.
ii. Cavity walls in age bands ‘B’, ‘C, ‘D’ and ‘E’ with U-value of 1.6 W/m?K.

iv.  Filled cavity walls in age bands ‘B’, ‘C, ‘D’ and ‘E’ with U-value of 0.5
W/m2K.

Each wall type was re-created using DesignBuilder’'s construction materials
library in order to achieve the same overall U-value and thickness of each
wall type (Table 5.1). The construction materials created in the DesignBuilder
had an increased overall external walls U-value (by 0.15) to account for
thermal bridging (see Section 3.3.3). Hence, the four modelled wall types
mentioned above had overall U-values of 2.4 W/m2K, 2 W/m3K, 1.8 W/mK,
and 0.6 W/m?K, respectively.

As seen in Table 5.1, a single type of brick, plaster and insulating foam was
used to create all four of the external walls. The only difference between solid
walls of age bands ‘B’ to ‘D’ and solid walls in age band ‘E’ was addition of a
thin air gap. This air gap is added to the plaster board for the purpose of dry-
lining and is different from the air gap in cavity walls. Dry-lining is a plaster
boarding system where an air gap is created between the wall and the
plaster board, improving the U-value of a solid wall by about 25%. Dry-lining
adds 20 mm to 40mm to the solid wall thickness (RASAP mannual, 2012).
This addition in the thickness also explains the difference in the thickness of
solid brick walls from age bands ‘B’ to ‘D’ compared to the solid walls from

age band ‘E’.
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Table 5.1 SAP equivalent external wall constructions, thickness and the physical
properties of each layer of materials

Wall type Construction Details
and U- Materials ™ I Specific
erma
value as (outermost Thickness | Density o Heat
created in _ Conductivity _
to innermost (m) (kg/m?) Capacity
DB (W/mK)
layer) (J/kgK)
Solid Brick 0.205 1700 0.77 1000
Brick
(U=2.4 Dense 0.015 1300 0.57 1000
W/m?2K) plaster
Solid Brick 0.205 1700 0.77 1000
Brick 0.020 N/A N/A N/A
(U=2.0 Air gap :
w/m2k) | Dense 0.015 1300 0.57 1000
plaster
Brick 0.105 1700 0.77 1000
Cavity Air gap 0.035 N/A N/A N/A
(U=1.8
W/m2K) | Brick 0.105 1700 0.77 1000
Dense 0.015 1300 0.57 1000
plaster
Brick 0.105 1700 0.77 1000
Filled
] Foam
U=06 | o 0.105 1700 0.77 1000
W/m2K)
Dense 0.015 1300 0.57 1000
plaster

Physical properties of all the materials specified in Table 5.1 were checked
against CIBSE Guide A, Appendix 3.A7: Properties of materials (CIBSE
Guide A, 2017) to ensure the correctness of values reported by
DesignBuilder.
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5.2.2. Roofs

All of the dwellings in the modelling dataset had pitched roofs. The majority
had a known thickness of insulation, ranging from Omm to 300 mm. The level
of roof insulation was unknown for 5 of the dwellings and therefore the
thickness was assumed based on Table S10 SAP 2012. This table assumes
no insulation for pitched roofs in age bands ‘B’ to ‘D’ and 12 mm of insulation

for the pitched roofs in age band ‘E’.

Each of these roofs was re-created in DesignBuilder such that each roof had
the same U-value as specified in SAP 2012. The roof U-values given in SAP
2012 accounts for the insulation, the roofing materials and the thermal
resistance of the air space in loft. In DesignBuilder, however, the pitched roof
construction only includes the external sloped surfaces and loft insulation,
consequently the reported overall U-vale doesn’t take into account the
resistance of the air space in loft. Hence, in the RADEM, the roofing materials
and loft insulation were modelled explicitly, and the U-values were compared

to SAP values using the Equation 5.1.

1
Usap = 1
RSpace + U_DB

5.1

Where Upg is the overall U-value reported by DesignBuilder and Usap is the
U-values in Table S9 SAP 2012 including thermal resistance of loft space
(Rspace) for pitched roofs. The thermal resistance of the roof space (Rspace) for
tiled roofs was taken from Table 3.5 in CIBSE Guide A, as 0.06 m?K/W.

The materials used in roof construction were clay tiles, glass fibre quilt and
roofing felt. The thickness of insulation layer was adjusted accordingly such
that the roofs U-values match the values given in SAP. Physical properties of

the materials used in roof construction are presented in Table 5.2.
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Table 5.2 Roof construction materials and corresponding density, thermal
conductivity and specific heat capacity values

Roof materials Thermal Specific heat
(outermost to Density conductivity capacity
innermost layer) (W/mK) (J/kgK)

Clay tile 1900 0.85 840
Glass fibre quilt 12 0.04 840
Roofing felt 960 0.19 840

5.2.3. Ground Floors

The dwellings in the modelling dataset had two different types of ground floor
construction: solid and suspended timber. In the RADEM, ground floors were
modelled such that they have the same U-values as in SAP. SAP calculates
the ground floor U-value according to BS EN ISO 13370 using dwelling’s

area (A) and exposed perimeter (P) and following parameters:

e wall thickness (w)

¢ soil type clay (thermal conductivity Ag = 1.5 W/mK)

e Rsi=0.17 m?K/W (Internal surface resistance)

e Rse = 0.04 m?K/W (External surface resistance)

e thickness and conductivity of floor insulation (0.035 W/mK)

e Ri=0.001 x dins/0.035 where dins is insulation thickness in mm (Rs is the

thermal resistance of floor deck)

For solid floors, U-value of the ground floor is calculated by SAP as
(Equations 5.2 and 5.3):

B
Ifd; <B U=2xxgxmmxa—+nﬂnx3+dg 52
t

U =2y/(0.457 x B + d)

Ifd; > B 5.3
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Where d: and B are calculated from Equations 5.4 and 5.5:

dt =w +}\g X (Rsi + Rf + Rse) 5.4
B=2XA/P 55

Since the solid ground floors in the modelling dataset had no insulation, the
value of Rf was inserted as zero in Equation 5.4. The U-values for solid
ground floors were calculated individually for each dwelling using dwellings’

floor area and exposed perimeter.

In the RADEM, the solid ground floors were modelled as three layers:
underfloor clay, cast concrete, and flooring screed. The thickness of each
layer was adjusted in order for the individual ground floors to match the SAP
U-values. The physical properties of the materials used in ground floor

construction are presented in Table 5.3.

Table 5.3 Ground floor construction materials and corresponding density, thermal

conductivity and specific heat capacity values

Ground floor Thermal Specific heat
materials (outermost Density conductivity capacity
to innermost layer) (W/mK) (J/kgK)
Clay (earth) 1.28 1460 880
Cast concrete 1900 1.4 840
Flooring screed 1200 0.41 1000

SAP uses additional parameters to calculate the U-value of suspended

timber ground floors. These parameters include:

thermal resistance of floor deck Rf = 0.2 m2 K/W if uninsulated or

Rt = [(thermal resistance of insulation) + 0.2] if insulated

height above external ground level h = 0.3 m

average wind speed at 10 m height v=5 m/s

wind shielding factor fw = 0.05
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e ventilation openings per m exposed perimeter € = 0.003 m?/m

e U-value of walls to underfloor space Uw = 1.5 W/m?K

The suspended ground floor U-value is calculated from Equation 5.6 in SAP:
U:1/(2XRSL+Rf+1/(Ug+Ux)) 5.6

Where Ug and Uy are calculated from Equations 5.7 and 5.8:

Ug =2 XAy XIn(m X ==+ 1)/( X B + dy) .

; .
UW fW

Ux=(2><h><?)+(1450><exv><; 5.8

And dg and B are calculated from Equations 5.9 and 5.10:

dg =w+2; X (Rg; + Rg,) 5.9
B=2X A/P 5.10

Since the suspended ground floors had no insulation, the value of Rf was
inserted as 0.2 in Equation 5.6. The U-values for suspended ground floors
were calculated individually for each dwelling using dwellings’ floor area and

exposed perimeter.

In the RADEM, suspended ground floors were modelled as a solid ground
floor with an insulation layer. In this way, the thickness of insulation layer was
modified accordingly for each dwelling to reflect the SAP equivalent U-value
of the suspended ground floor as calculated in above equations. Hence,
although all dwellings model had solid ground floor, the U-value of the ground
floor was capture correctly for both the dwellings with solid and suspended
ground floor. This was simpler than trying to model a ventilated cavity, with

uncertain ventilation rates, in EnergyPlus.
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5.2.4. Doors and Windows

For the RADEM, the area of external doors was taken as 1.85 m2 following
the SAP 2012 guidelines. The external doors were modelled on the front and
rear walls of each dwelling. Doors were modelled as softwood with, 0.07 m
thickness, 0.12 W/mK thermal conductivity, and 230 kg/m? density to match
the U-value of 2.5 W/m?K as given by Table S15A SAP 2012 for dwellings
with age bands A to J.

Window areas in the RADEM were the same as in SAP, based on the age
band and total floor area (TFA) from Table S4 SAP 2012. Table 5.4 shows
the related part of table S4 which was used in estimating window area of the
modelling dataset houses. Window areas were divided equally onto the front

and rear external walls of the dwellings.

Table 5.4 Window area estimated based on age band and total floor area (re-
created from Table S4 (SAP, 2012)

Age band Window area (m?)
A, B,C 0.1220 TFA + 6.875
D 0.1294 TFA + 5.515
E 0.1239 TFA + 7.332

The only known detail in the dataset about windows was that all dwellings
had 100% double glazed windows. Hence, based on Table 6E SAP 2012
(SAP, 2012) a double glazed, air filled window with 6 mm gap and U-value of
3.1 W/m?K was considered for all the dwellings. The windows were modelled
with an effective U-value which took account of the assumed use of curtains
(Uw,effective), @s show in Equation 5.11 from SAP 2012:

1

Uw,effective =L+0_04 5.11
Uw

Where Uy, is the window U-value without curtains.
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5.2.5. Equivalent Thermal Mass

The thermal mass of the ground floor, ceiling, external walls, party walls,
windows and doors is captured in the equivalent constructions. However, the
modelling dataset does not include any details of internal partitions or
furniture that add to a building’s thermal mass. These elements may
contribute considerably to the total thermal mass and so to make the models

equivalent, the SAP 2012 guidelines were used.

In SAP a Thermal Mass Parameter (TMP) is calculated from Equation 5.12
(SAP, 2012).

2(k X A)
TFA

TMP = 5.12

Where ‘K’ is the heat capacity of construction materials (kJ/m?K), and the

summation is over the area (A) of all elements (windows, door, external walls,
party walls, ground floors and roofs) bounding the dwelling as well as both

sides of all internal walls and floors/ceilings. ‘TFA’ is the total floor area. The

‘K’ values for some typical constructions are given in Table 1e (SAP, 2012).

However, for RASAP, an indicative value of the TMP is used instead of a
detailed calculation. Table 1f (SAP, 2012) gives a fixed value for the TMP of
250 kJ/m?K. The RdADEM used this fixed TMP value to create a dynamic
model with equivalent thermal mass by adding internal walls to create a TMP
of 250kJ/m2K.

EnergyPlus does not calculate thermal mass in the same way as SAP;
instead the materials within each building elements is defined with heat
capacity, density and thickness values used to run heat transfer equations.
Since the construction details of internal walls was not identified in the
modelling dataset, the ‘dense block and dense plaster’ construction type

given in Table 1f SAP 2012 with heat capacity (k) value of 100 kJ/m?K was

assumed. The internal wall area, on the other hand, was derived from
Equation 5.12 with the TMP value set to 250 kJ/m?K. To do so, area and heat
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capacity (k) values from all other building elements were inserted into
Equation 5.12 and then the equation was solved for internal walls area. The
area of building elements were derived from geometry details provided in the
dataset while the heat capacity (k) was calculated from Equation 5.13 after

the method described in (SAP, 2012).

=107 X Y (dp;) 5.13

Where ‘dj’ is the thickness (mm), ‘pj’ is density (kg/m3) and ‘Cj’ is specific

heat capacity (J/kgK) of the layers forming each building element. The
summation is over all layers in the element from inside to outside until one of
the following conditions is met: half way through the element; an insulation

layer; total thickness of 100 mm.

5.3. Equivalent External Boundary Conditions: Weather Data

A new weather file, with hourly data suitable for use in dynamic energy
simulation, was created for use in the RADEM. The weather data were
created to match the monthly external temperature, wind speed and global
solar irradiance values given in SAP 2012 Tables U1 to U3 (SAP, 2012). The
International Weather for Energy Calculations (IWEC) weather file for
Birmingham was used as the basis of the weather file, since all the dwellings

in the modelling dataset were located in UK Midlands.

The IWEC Birmingham weather file is derived from an average of 18 years
(1982-1999) of hourly observations archived at the US National Climatic Data
Centre. The weather data is supplemented by solar radiation estimated on an
hourly basis from earth-sun geometry and hourly weather elements,

particularly cloud amount information (IWEC, 2015).

The mean monthly external temperature, wind speed and solar irradiance
values from IWEC Birmingham weather file were used to -calculate

conversion factors for each month. Table 5.5 compares the monthly
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temperature, wind speed and solar irradiance values from SAP Midlands to

IWEC Birmingham values. It can be seen that the conversion factors were

relatively close to 1, with the biggest difference being 0.35 for solar irradiance

in December.

Table 5.5 Mean monthly external temperature, wind speed and solar irradiance from
UK average weather data (SAP 2012) and IWEC Birmingham (IWEC, 2001)

weather data showing the conversion factors (CF)

External Temp (°C) Wind speed (m/s) | solar irradiance (W/m?)
Month

SAP | IWEC | CF SAP | IWEC | CF SAP IWEC CF
Jan 4.3 4.6 0.94 4.5 52 |0.87 28 67 0.42
Feb 4.8 3.7 1.30 4.5 3.1 1.45 55 96 0.57
Mar 6.6 6.4 1.03 4.4 3.9 1.13 97 150 0.65
Apr 9.0 7.5 1.2 3.9 4.7 |0.83 153 169 0.91
May 11.8 | 11.0 | 1.07 3.8 4.6 0.83 191 164 1.16
Jun 148 | 142 | 1.04 34 3.6 | 094 208 179 1.16
Jul 166 | 17.2 | 0.97 3.3 3.4 |0.97 194 166 1.17
Aug 165 | 16.3 | 1.01 3.3 3.3 1 163 150 1.09
Sep 140 | 13.2 | 1.06 3.5 3.3 1.06 121 116 1.04
Oct 10.5 9.9 1.06 3.8 3.6 1.06 69 93 0.74
Nov 7.1 6.9 1.03 3.9 3.9 1 35 76 0.46
Dec 4.2 5.0 0.84 4.1 3.5 1.17 23 65 0.35
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The conversion factors were applied to the hourly values in the IWEC
Birmingham weather file. For wind direction, relative humidity and
atmospheric pressure, the same values in IWEC Birmingham weather file
were used. In this way the weather was equivalised to the SAP Midlands
data while maintaining the hourly values required for dynamic simulation.
Additionally, the Latitude, Longitude and elevation of location from see level
for all dwellings were set to 52.6 °N, -1.33 and 116 m, respectively as
specified in Table U4 SAP 2012. The SAP Midlands equivalent hourly data
was inserted into a CSV file and the EnergyPlus weather convertor
programme (EnergyPlus Weather Convertor, 2015) used to generate the
EPW file.

5.4. Summary

This chapter described the processes used in the RADEM to derive SAP
equivalent input parameters for construction materials, thermal mass, and the
internal and external boundary conditions. Construction materials were
defined for all of the different building elements (i.e. external walls, roofs,
ground floors, doors and windows) such that the U-values matched those

given in SAP.

The RADEM maintained the same Thermal Mass Parameter (TMP) of 250
kJ/m?K as defined in SAP. This was achieved by calculating the thermal
mass in the external walls, party wall, roof and ground floor and then adding
sufficient area of internal partition wall to make up the remainder. Internal
boundary conditions were defined for use in the RADEM which matched
those given in SAP: internal heat gains, losses, infiltration and heating
systems. A weather file from IWEC Birmingham, suitable for dynamic thermal
simulation, was modified to match the monthly external temperature, wind

speed and solar irradiance values from SAP.

Overall, this completed Objectives 3 (Develop and test a data preparation
process that will enhance the reduced data in order to produce an equivalent

set of detailed data that is suitable for dynamic energy simulation). Objective
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4 (Develop and test a reduced data dynamic energy model of UK dwellings
that translates the prepared data into a form suitable for dynamic simulation

using established models) is completed in the next chapter.
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6. TRANSLATION, SIMULATION AND RESULTS

6.1. Introduction

This chapter describes the translations process used in the RADEM to
convert the reduced data from the XML format used for EPCs into the Input
Data File (IDF) format used by EnergyPlus to complete objective 4 (Develop
and test a reduced data dynamic energy model of UK dwellings that
translates the prepared data into a form suitable for dynamic simulation using
established models). The translation process was tested and verified. The
results of using the RADEM to simulate 83 dwelling from the DEFACTO
dataset were compared with the SAP results in pursuit of the final objective:
Objective 5 (Compare the results of the reduced data dynamic energy model

with those from equivalent steady-state models).

6.2. Translation

Data translation is the part of the RADEM that converts all of the prepared
data into IDF format in readiness for running the EnergyPlus simulations. The
translation process was formed of two main elements: the Template Input
Data File, which was used for storing fixed input data, and the Translator, to

handle varying input data.

The fixed data was written into a standard IDF template which formed the
basis of the IDF for all the dwellings. This Template IDF (TIDF) contained all
the fixed data and the lines allocated to varying data were left blank to be
filled by the translator. The translator wrote the varying input data into the
allocated spaces in the TIDF. The following sub-sections provide details of
the TIDF and the translator; and the procedures followed to ensure the

effective and robust function of translation process.
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6.2.1. Template Input Data File (TIDF)

The TIDF was created from a two zone version of the reference model (see
Section 4.3) using DesignBuilder, exported as an IDF and then edited to
leave only the relevant information required by the RdADEM. The main
components of the TIDF are: zoning details, geometrical layout, construction

details, heating system details, and simulation details.

The TIDF was developed from the two zone strategy, with each floor of the
dwellings modelled as individual heating zones (Section 4.3). In this way, all
the details related to internal thermal mass, geometrical details, internal
boundary conditions and construction materials were assigned to each floor

of the dwellings separately.

Geometry in the TIDF followed the rectangular method, with an excess area
block inside (Section 4.4). The geometry of the dwellings were defined in the
TIDF through (x,y,z) coordinates (Figure 6.1) of the 16 vertices forming the
blocks. The translator for the RADEM (see Section 6.2.2) would then edit the
(x,y,z) coordinates to suit an individual dwelling in the modelling dataset. As
seen in Figure 6.1, the origin was set to the bottom left vertex of the main

building block so that all other vertices have positive (x,y,z) coordinates.

1Zonel

0, 1- X Origin (M)
0, 1-Y Origin (M)
0, 1-Z Origin (M)

Figure 6.1 Geometrical layout of the dwellings’ model with red dots showing the

vertices of the rectangular blocks, the origin vertex and the IDF notation
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The construction details developed for all of the different external walls, roofs
and ground floors (see Section 5.2) were included in the TIDF so that the
translator could call the appropriate one for each dwelling. The heating
system details and heating periods (see APPENDIX D) were also stored in
the TIDF while heating set-point temperatures were left as blank to be
completed by the translator.

The last set of fixed data in the TIDF was related to simulation details. All
simulations were run with 10-minute time steps (6 time steps per hour) for a
full year under the SAP equivalent weather data file (see Section 5.3). The
simulation details, the address of the weather (CVS, EPW and ‘definition’)
files, and the commands needed to store all the results in hourly, monthly

and annual formats were stored in the TIDF.

In the TIDF unique text strings were added so that the translator could
identify the right place for input parameters. These indicators were added as
comments which were recognised by the translator but not the EnergyPlus

compiler.

6.2.2. Translator

The Translator wrote all of the varying data into a TIDF for each dwelling in
the modelling dataset (Figure 6.2). The translator reads each XML files in the
modelling dataset and converts them into MATLAB structures. This speeds
up the translation process by treating the whole dataset as a MATLAB
directory and also removes the complications of handling text files. The
translator calculates the internal thermal mass for each dwelling in terms of
additional internal wall area (see Section 5.2.5). Then the 16 sets of (x,y,z)
coordinates for each floor were calculated based on the rectangular
geometry describe in Section 4.4. Finally, the internal boundary conditions
were calculated (see APPENDIX D). After completing the data preparation
process for each house, the translator wrote the data into the TIDF. The
translation process was repeated for all the dwellings in the modelling

dataset to create a unique IDF for each.
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Read in directory of XML files

Convert XML files into MATLAB structure

Implement data preparation process on input data

Internal thermal mass

« Assume an overall

thermal mass of 250
kJ/m2K

Calculate individual
building elements
thermal mass
Derive internal walls
area

Internal boundary conditions

Geometry
* Calculate width and .
length of an equivalent
rectangular block .
* Calculate excess area
* Derive width and .

length of excess block
« Derive x,y,z
coordinates of blocks

Calculate number of occupants
and metabolic gains

Calculate internal gains from
appliances, lighting and cooking
Calculate heating temperatures
for each floor based on living
room heating temperature of
21°C and floor area

Write the prepared data into Template Input Data File (TIDF)

Repeat the process for all the XML files

Figure 6.2 Translator framework to process varying data from XML files and write input data into Template IDF (TIDF)
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6.3. Process Verification

Two lots of simulations were carried out to verify the translation process: 1)
Diagnostic runs, and 2) Final runs. The primary goal of the diagnostic runs
was to debug the translator script, troubleshoot any errors that occurred and
to ensure that the data preparation process was implemented correctly. The
final runs were aimed at verifying both the data preparation and translation
processes, including checking the equivalent rectangular geometry,

equivalent thermal mass and zoning strategy.
The diagnostic runs were performed on four variants of the reference model:

i. A detailed dynamic model in DesignBuilder.
ii. A manual reduced dynamic model in EnergyPlus.

iii. An automated reduced dynamic model in EnergyPlus, using the
RdJDEM translator.

iv. A reduced steady-state model in SAP 2012.

The detailed reference model developed in DesignBuilder is described in
Section 4.2. All the reduced models were developed based on input data
from a reduced XML file including reference model details. In order to have
exactly same amount of details as the modelling dataset, the data on the
semi-detached Allen and Pinney (1990) house was stored in an EPC XML
file format. The SAP model was developed manually using SAP 2012
spreadsheet in APPENDIX B. All the dynamic energy models were simulated
with 10-minute time step, for a full year under the SAP equivalent weather
data file (see Section 5.3).

The annual space heating demands from the four variants of the reference
model were compared (Figure 6.3). The two reduced models developed in
EnergyPlus predicted annual space heating demand very close to each other
(less than 1% difference). The very close alignment of the two reduced

EnergyPlus models verified performance of the translation process.
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Figure 6.3 Comparison of the space heating demands from different variants of the

reference model

The predictions from the two reduced EnergyPlus models were 10% different
to the detailed DesignBuilder model and 5% different to the SAP model. The
close alignment between reduced EnergyPlus and SAP models supports the
decisions made in the data preparation process to develop SAP equivalent
data. However, larger difference between reduced EnergyPlus models with
the detailed DesignBuilder model highlights the impact that simplifying model
has on the model predictions. The main parameters simplified in developing
reduced models were: geometry, thermal mass, and zoning. All internal
boundary conditions were also simplified after SAP 2012 guidelines, but the
close alignment of reduced models with SAP verified these simplifications.
Hence, further investigation was necessary to verify geometry, thermal mass,

and zoning simplifications.

In order to verify zoning strategy (Section 4.3), enhanced geometry (Section
4.4) and equivalent thermal mass (Section 5.2.5) techniques used to develop

the RADEM, the model predictions of the three of houses in the modelling

122



dataset were compared to predictions of more detailed models of the same
houses. These test houses were selected based on their annual space
heating demand estimated by SAP, such that they represent bottom, median
and top demand values in the batch. The approximate building plans
generated by the EPC assessors were available on the three test houses.
Hence, the detailed building geometry, thermal mass and zoning
configuration of these houses were modelled in DesignBuilder and
simulations were run for a full year under the SAP equivalent weather data

file. All other aspects of the detailed models were kept similar to the RADEM.

The annual space heating demand from the RADEM, detailed DesignBuilder
and SAP models were compared (Figure 6.4). A general trend was observed
in all of the test houses where the RADEM and detailed DesignBuilder
models underestimated the annual space heating demand compared to the
steady-state SAP results and detailed DesignBuilder model underestimated

the annual heating demands compared to the RADEM.

30000

25000

20000

m SAP
= RADEM
Detailed DB

15000

(kWhlyear)

10000

Annual space heating energy demand

5000 -

Test house 1 Test house 2 Test house 3

Figure 6.4 Comparison of the space heating demand from SAP, RADEM and

detailed DesignBuilder models of the three test houses
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While the difference between RADEM and SAP results increases with
increasing space heating demand, the difference between RADEM and
detailed DesignBuilder model is similar in all the test houses. The increasing
difference of SAP predictions with RADEM and detailed DesignBuilder model
predictions highlighted the characteristic differences of the steady-state and
dynamic energy models. However, the steady difference between RADEM
and detailed DesignBuilder model predictions, which was less than 5%
different in all the studied houses, verified the data preparation process

developed to model geometry, thermal mass and zoning using reduced data.

The difference observed between RADEM and detailed version of the
reference model was 10%, while the difference observed between RADEM
and detailed versions of the three test houses was less than 5%. The smaller
difference observed in case of the test houses, which were chosen from the
modelling dataset, showed that the reduced geometry, thermal mass and
zoning strategies worked better on the dataset dwellings.

6.4. Simulation Results

The RADEM results were compared with SAP predictions for 83 houses in
the modelling dataset. This included annual space heating demand (Section
06.4.1), mean monthly internal temperatures (Section 6.4.2) and the
estimated potential for improving energy efficiency of the houses (Section
6.4.3). All of the simulations were run in EnergyPlus version 8.3.0 using IDFs
created in the RADEM. Simulation of each house required approximately 8
minutes of single CPU time for a full year simulation at 10-minute time steps

on a CORE i5 HP laptop running Microsoft Windows.

6.4.1. Comparison of Energy Demand Results to SAP Estimates

Annual spaces heating demand results from the RADEM were compared to
SAP predictions for the 83 houses in the modelling dataset (Figure 6.5 and
Table 6.1). The (x=y) line, shown in blue, is where RADEM predicts the same
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space heating demand as SAP. The line of best fit through the data has the
equation shown in Equation 6.1 and a coefficient of determination (R?) of
0.96.

y = 0.82x + 1834.6 6.1

The minimum difference observed between RADEM and SAP was 74
kWh/year (1%) while the largest difference was 5898 kWh/year (17%). Of the
83 modelled houses, 46 were within 5% difference in annual space heating
demand prediction and only 5 had more than 10% difference with only 2
more than 15%. The closest results are for the houses with space heating
demand below approximately 15000 kWh/year.

Table 6.1 Comparison of space heating demand predictions between RADEM and

SAP

Over/Under By (%) Number of houses (%)
RADEM predicts >10% 2 (2%)

higher space heating 5-10% 9 (11%)
demand than SAP < 5% 12 (14%)
RADEM predicts < 5% 34 (41%)

lower space heating 5-10% 23 (28%)
demand than SAP > 10% 3 (4%)

The box-whisker plots (Figure 6.6) shows the differences in the distributions
of results from the two models. The RADEM predictions have lower mean,
median, maximum and minimum values of the annual space heating demand
for 83 modelled houses. However, the mean and median values are

remarkably close.
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Figure 6.5 Comparison of space heating demand predictions for 83 modelled dwellings
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The RADEM predicts lower mean, median, maximum and minimum values of
the annual space heating demand for 83 modelled houses. The overall
distribution of annual space heating data was tighter compared to SAP.
Bottom half of data (first quartile) showed closer alignment between SAP and
RADEM predictions compared to top half (third quartile) which once again
highlights better alignment of RADEM and SAP estimates in houses with less
than 15000 kWh/year annual space heating demand. Despite the larger
difference observed in the two models predictions in higher annual space
heating demands, the close mean and median values show a close

alignment of annual space heating demand in majority of the modelled

houses.
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Figure 6.6 Comparison of the distributions of the annual space heating demand

predictions for the 83 modelled dwellings
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6.4.2. Comparison of Temperature Predictions to SAP Results

The mean monthly internal air temperature predictions from the RADEM were
compare to SAP for the heating season (Figure 6.7). For SAP, the
methodology described in the SAP spreadsheet section 7 (see APPENDIX B)
was used to calculate mean internal temperatures for each month. The data
points shown in Figure 6.7 are categorized into 5 groups based on the

comparison of annual space heating demand predictions:

i. The houses with less than 5% difference between RADEM and SAP

predictions of annual space heating demand,

i. The houses where RADEM predicts higher annual space heating
demand by 5-10%,

iii. The houses where RADEM predicts lower annual space heating
demand by 5-10%,

iv. The houses where RADEM predicts higher annual space heating

demand by more than 10% and,

v. The houses where RADEM predicts lower annual space heating

demand by more than 10%.

As seen in Figure 6.7, RADEM generally predicts lower mean monthly
internal air temperatures throughout the heating season. In most of the
months there is a clear difference between data points based on the
difference in annual space heating demand predictions. In general, the
RADEM temperatures are higher when the energy demand predictions are
also higher. This trend shows that the difference in space heating demand
can be explained by the difference in internal air temperatures. The RADEM
tends to predict lower internal air temperatures and consequently lower

energy demands.
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RADEM mean monthly temperatures (°C) in heating season
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Figure 6.7 Comparison of RADEM mean monthly internal temperature predictions to SAP (The black line represents x=y)
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The house models which predicted lower annual space heating demand by
more than 10%, also predicted lower mean monthly internal temperatures to
the same amount in all the months except for February. The distribution of
the results for February is slightly different to other months and this could be
related to relatively higher solar gains compared to December and January.
Overall, the RADEM gives a wider range of temperatures than SAP. The
house models which predicted higher annual space heating demand by more
than 10%, however, showed a more stable trend throughout the heating
season. More work is required to understand these differences and their
implications on the accuracy of predictions. This work, as an inter-model
comparison, can only highlight the difference but cannot say which is right or

wrong.

The average difference between minimum and maximum indoor air
temperatures of the houses predicted by RADEM is 4.6°C which is
considerably larger the 1.3°C difference predicted by SAP. As seen in Figure
6.8, RADEM gives a wider prediction of internal air temperature than SAP in
all the heating season months. The RADEM tends to predict higher maximum
mean temperatures and lower minimums. These distributions suggest that
SAP constrains the internal temperature estimates more than RADEM. This
trend also suggests RADEM is more sensitive to external temperatures than
SAP.

The mean, median and first quartile predicted by RADEM (Figure 6.8) is
constantly lower than SAP. However, the third quartile is lower in warmer
months and higher in colder months. However, some of this variation cancels
out when the annual energy demand is considered (Figure 6.6). Future work
could look at a comparison of the monthly energy demand predictions of the
two models, but the EPC data used in this study only included annual

demand.
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Mean monthly temperatures (°C) in heating season
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Figure 6.8 Comparison of the distributions of mean monthly internal air temperature
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6.4.3. Comparison of the Predicted Energy Improvements

This section compares the RADEM and SAP predictions of the energy
savings that result from improving the energy efficiency of the dwellings in
the modelling dataset. The introduced energy saving measure was improving
U-values of the external walls by 20% by adding wall insulation. The
comparison was done on three of the modelling dataset houses. The same
test houses which were employed in verifying the data preparation and
translation process (Section 6.3) were used in this part of study. The test
houses had different external wall types, U-values, age band, total areas,
roof insulation thickness, and ground floor types as shown in Table 6.2. All
the dwellings had 100% double glazing, and pitched roof. Test house 1 has

no extension while test houses 2 and 3 each have one extension.

Table 6.2 External wall improvements on the three test houses and corresponding

wall types, U-values, age bands, total areas, roof insulation, and ground floor types

External Wall U- Total Roof
Improved Age _ Ground
wall value area | Insulation
House _ band floor type
construction | (W/mZ2K) (m?) (mm)
Test ) . .
Filled cavity 0.6 D 79 0 Solid
House 1
Test Solid brick,
. _ 2.4 B 146 100 Suspended
House 2 no insulation
Test Cavity, no )
. _ 1.8 D 151 0 Solid
House 3 insulation

The U-value improvement of external walls was done by improving the filling
material of the external walls in test house 1 and by adding insulating layers
to test houses 2 and 3 (Table 6.3). The insulating layer used to improve the
U-values was the same material used in the filled cavity wall type: phenol-
rigid foam. The improved U-values shown in the Table 6.3 take into account

the thermal bridging in the external walls (see Section 3.3.3).
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Table 6.3 Improved external wall constructions, thickness and the physical

properties of each layer of materials

Improved Construction Details
wall types
and U- Materials H I Specific
erma
values as | (gutermost | Thickness | Density o Heat
modelled , Conductivity ]
to innermost (m) (kg/m3) Capacity
in the (W/mK)
layer) (I/kgK)
RADEM
Solid Brick 0.205 1700 0.77 1000
Brick Foam
Wim?K) Dense 0.015 1300 0.57 1000
plaster
Brick 0.105 1700 0.77 1000
Cavity
(U=1.4 Brick 0.105 1700 0.77 1000
WimK) Foam
(phenol-rigid) 0.035 110 0.035 1470
Dense 0.015 1300 0.57 1000
plaster
Brick 0.105 1700 0.77 1000
Filled -
, oam
Cavity (phenol-rigid) 0.040 110 0.035 1470
(U=0.5
Brick 0.105 1700 0.77 1000
W/mZK)
Dense 0.010 1300 0.57 1000
plaster

The improvements were implemented in both RADEM and SAP model and
resultant energy savings were compared (Table 6.4). Table 6.4 summarises
the annual space heating demand predictions before and after implementing

the external wall improvements.
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Table 6.4 Annual space heating demands from SAP and RADEM, before and after

external wall improvements in the test houses and the percentage reductions

Annual space heating demand (kWh/year) SAP RADEM
Improved q q g q
Improved | Improved eman eman
House SAP | RADEM g P . _
SAP RADEM reduction | reduction
Test
11067 | 10624 10713 10221 3.2% 3.8%
house 1
Test
19581 | 18798 18250 17256 6.8% 8.2%
house 2
Test
25533 | 22980 24180 21624 5.3% 5.9%
house 3

As seen in Table 6.4, both models estimated the largest improvements for

the test house 2 and the lowest for test house 1.

Similar to the annual space heating demand estimates before improvements
(Figure 6.5), RADEM predicted lower improved annual space heating
demand compared to SAP. In general, RADEM predictions for space heating

demand were lower than SAP but the savings predictions were slightly higher.

The very small differences (less than 2%) observed in the space heating
reduction predictions of the RADEM and SAP once again verified the data
preparation and translation process used for developing a SAP equivalent
dynamic energy model. The tendency of RADEM to predict lower demand
improvements, on the other hand, highlighted the characteristic differences of

the dynamic and steady-state models.

6.5. Summary

This chapter described the translations process used in the RADEM to
convert the reduced data from the XML format used for EPCs into the Input
Data File (IDF) format used by EnergyPlus and completes objective 4

(Develop and test a reduced data dynamic energy model of UK dwellings that
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translates the prepared data into a form suitable for dynamic simulation using
established models). The results of using the RADEM to simulate 83 dwelling
from the DEFACTO dataset were compared with the SAP completing the
final objective: Objective 5 (Compare the results of the reduced data dynamic

energy model with those from equivalent steady-state models).

The translation process used a template IDF (TIDF) which included all of the
fixed data required for creating individual IDFs for the dwellings in the
modelling dataset. The translator handled the varying data and implemented
all of the data preparation process in readiness for being written into the TIDF.
The translation and data preparation processes were successfully verified:
the process of enhancing the reduced data resulted in predictions that were

around 5% higher than a more detailed model.

The RADEM was successfully used to run EnergyPlus simulations of the 83
dwellings in the modelling dataset, using just the EPC XML data. The
RADEM predicted lower space heating demand in 60 dwellings. The
minimum difference between predictions was 74 kWh/year (1%) while the
largest difference was 5898 kWh/year (17%). The majority of the results were
within 5% and only 5 were estimated with more than 10% difference. It was
found that the difference in energy results could largely be explained by
differences in the predicted internal air temperatures. The RADEM predicted
lower internal air temperatures in the majority of the modelled dwellings and
gave a wider range of mean monthly temperatures in the heating season
compared to SAP. Predictions of the energy savings from wall insulation in
three of the houses showed reasonable agreement, though the RADEM

predicted lower energy demand and slightly higher percentage savings.

135



/. DISCUSSION

7.1. Introduction

This chapter provides an overview of the body of work presented in this
thesis. The achievements against the aim and objectives are highlighted
alongside the contributions to knowledge. The limitations of the work are
quantified and finally, the application of the modelling framework presented
here is expanded for academia, policy makers and industry.

7.2. Overview of Thesis and Achievements

Saving energy in the residential sector and in particular heating energy is
essential to achieve the UK’s 2050 carbon emissions reduction target. In
recent years, a variety of models have been developed to analyse energy
and environmental performance of domestic buildings, and investigate impact
of different strategies that are designed to reduce energy consumption,
reduce carbon emissions, and improve occupant’s thermal comfort. In the UK,
as part of government’s plans to achieve carbon emission targets, the Energy
Performance Certificates (EPCs) were introduced and it was made
compulsory to present EPC and improvement recommendations when an
existing or new home was let or sold. This initiative resulted in collection of
vast majority of EPC data on the UK dwellings. EPCs are developed using
government’s Standards Assessment Procedure (SAP) which is based on
steady-state BREDEM calculations to predict energy consumption and
carbon emissions in the dwellings. A critical analysis of UK based domestic
energy and emission models, and dynamic energy models of different
housing stocks were carried out to complete the Objective 1 (Identify and
review literature on the modelling approaches that could be used to forecast
energy use and CO2 emissions in the UK dwellings, and perform a critical
analysis of the work that has been undertaken to utilize available reduced

data for energy modelling purposes)
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The dataset used for modelling was formed of XML files which were created
for producing EPCs for 83 semi-detached dwellings located in Midlands

region of the UK. In choosing this dataset a few points were considered:

i. The dataset was conveniently accessible as it was collected by
DEFACTO project which was running in the School of Architecture,
Building and Civil Engineering, Loughborough University at the time of

this research.

i. The XML files provided great advantages in handling and modifying

data compared to traditional text based datasets in hard copy format.

iii.  The amount of data provided in the dataset was suitable for modelling
the dwellings using the freely available SAP spreadsheet without any
need for further modification of data or assumptions, which provided a
great opportunity for inter-model comparison of results.

iv. Besides the XML files, the dataset included approximate floor plans
which were used in developing more detailed models of the dwellings

to verify the results from the reduced data dynamic energy model.

Selecting the EPC XML files as modelling dataset completed Objective 2
(Identify a suitable dataset of UK dwellings to be used as the source of
modelling data).

Faced with the problems regarding availability of required data for running
dynamic simulations of the UK dwellings, a great deal of time and effort was
spent on developing suitable algorithms to enhance the reduced data
available in EPC datasets in order to be used in dynamic simulation of the
dwellings. The outcome of this part of the work was development of a set of
SAP equivalent data which, while remaining equivalent to the original EPC
datasets, contained enough details to run dynamic simulations.

In order to develop the equivalent dataset, the areas with insufficient details
in the modelling dataset had to be enhanced. Two main issues were

137



identified: Zoning and Geometry. SAP and majority of UK steady-state
domestic energy models (described in Section 2.4) are two zone models
separating the living area from rest of the house while a few models use only
one zone to model whole dwelling. As for dynamic energy models, the
Canadian Residential Energy End-use Model (CREEM) developed by
Farahbakhsh, Ugursal and Fung (1998) assumed only one thermal zone for
main building parts of the modelled dwellings. The He et al. Model developed
by He, Lee, Taylor, Firth and Lomas (2014), on the other hand, followed SAP
approach in zoning and considered two zones separating the living area from
rest of the house. These authors justified their choice of zoning strategy by
highlighting the lack of necessary zoning details and identifying literature with

suitable outputs to support their choice of zoning strategy.

Prior to this research there was a research gap in identifying the suitable
zoning strategy to model the UK dwellings using dynamic simulation. This
research investigated different zoning strategies and provided evidence on
suitability of the two zone models in dynamic simulation of the UK dwellings,
where each floor was assigned with an individual thermal zone. The zoning
strategies investigated included: a single zoning strategy, floor zoning and
SAP zoning (see Section 4.3). These strategies were compared to a detailed
reference model where each habitable room was assigned with an individual

thermal zone (see Section 4.2).

The considerable difference in annual and monthly demand estimates of the
models with different zoning strategies highlighted the importance of zoning
configuration in modelling exercises. The sensitivity of whole building energy
models like RADEM to zoning configuration was observed in the model
results. Such sensitivity analysis was missing in the previous modelling
studies which added to the uncertainty of model outputs. The sensitivity of
zoning configuration was investigated in this thesis using a reference semi-
detached dwelling. Expanding the zoning sensitivity analysis findings to other
dwelling types would require further investigation which wasn’t in the scope
of this research.
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The reference model used in this study to investigate zoning strategies was
created based on Allen and Pinney (1990) Standard Dwellings Types. This
document describes the common UK house types with enough detail that
could be modelled without further need for assumptions. Allen and Pinney
Standard Dwellings Types document is a well-known source of reference and
has been used previously in many other modelling studies. Firth, Lomas and
Wright (2010) used it to identify the archetypes in Community Domestic
Energy Model (CDEM); Taylor, Allinson, Firth and Lomas (2013) modelled
the period terraced house from Allen and Pinney (1990) Standard Dwellings
Types at nine different levels of detail to study the impacts on energy
consumption; Yilmaz, Allinson, Taylor and Lomas (2014) modelled the semi-
detached house from Allen and Pinney (1990) Standard Dwellings Types and
compared the space heating energy predictions from SAP, EnergyPlus, ESP-
r, SERI-RES, BREDEM-8, and BREDEM-12 models.

The reference model was extended to investigate the approach used for
modelling detailed geometry using reduced data (see Section 4.4). Lacking
geometry details in the datasets is one of the main issues raised by previous
dynamic energy modelling studies (Farahbakhsh et al., 1998; Swan et al.,
2009; He et al., 2014) and each study dealt with this issue in different way.
Swan et al. (2009) assumed a rectangular geometry layout and developed an
average width to length ratio which was applied to all the modelled dwellings.
He et al. (2014) considered two geometrical layouts: a rectangular and an L-
shaped layout. In this PhD the rectangular approach proposed by Swan et al.
(2009) was adopted but the width to length ratio which was found to add a
considerable uncertainty to model outputs was improved. Instead of applying
a fixed ratio to all dwellings, the ‘Excess Area Block’ approach was
developed (see Section 04.4.1). This approached made it possible to model
the exact floor area, exposed perimeter, and party wall length as identified in
the dataset. The approach was tested on an extended form of the reference
model by comparing main outputs from a detailed L-shaped reference model
to outputs from a reduced geometry model incorporating the ‘Excess Area
Block’ approach. The monthly mean internal temperatures and space heating

demand predictions from the two models were closely matching.
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Prior to this study no peer reviewed or documented research had looked into
creating detailed geometries in dynamic simulation while staying completely
loyal to the reduced dataset. The models developed by Farahbakhsh et al.,
1998; Swan et al., 2009, and He et al., 2014 all made assumptions to handle
lacking geometry details in the model without presenting a sensitivity analysis
of the assumptions made. Consequently, the uncertainty added to model
outputs in these studies wasn’t quantified. This research, in contrary to
previous modelling exercises, avoided introducing new assumptions to model
geometry and dealt with the missing geometry details in a novel and efficient

way.

Development of the equivalent dataset and enhancing zoning and geometry
details made the results from RAJDEM comparable to SAP and completed
Objective 3 (Develop and test a data preparation process that will enhance
the reduced data in order to produce an equivalent set of detailed data that is
suitable for dynamic energy simulation).

The prepared data was written into EnergyPlus Input Data Files (IDFs)
through the Template IDF (TIDF) and the translator developed in MATLAB
(see Section 6.2). The data preparation and translation process were tested
twice: once using the reference model, and once using three actual dwellings
from the modelling dataset. The first test compared model outputs from 4
different models of the reference model with different levels of details. These
models were: a detailed DesignBuilder model, a reduced EnergyPlus model
with manual data input, a reduced EnergyPlus model with translator data
input, and an SAP model. The second test was run on three dataset
dwellings which represented the three cuts of the dataset based on space
heating demand as reported in EPCs. The RADEM outputs of these dwellings

were compared to more detailed dynamic energy models.

The inter-model comparison with more detailed models has been used by
other modelling exercises as well to verify model results. Clarke, Johnstone,
Kim and Tuohy (2009) verified results of The Energy Systems Research Unit
(ESRU) Domestic Energy Model (EDEM) using detailed models of 5 real
houses. The results indicated discrepancies ranging from 3% to -13%,
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indicating that their modelling approach is a reasonable proxy for the real
situation (Clarke et al., 2009).

The development of this model eliminated the additional time and cost
associated with collecting further data and modelling each of the homes
individually; and completed Objective 4 (Develop and run a reduced data
dynamic energy model of UK dwellings that translates the prepared data into
a form suitable for dynamic simulation using established models). The
methods used in developing equivalent data enabled a unique inter-model
comparison to be carried out across 83 buildings. Similar results were
obtained from dynamic and steady-state models when the equivalent inputs
were fed to each model.

This was the first dynamic energy modelling exercise to be undertaken using
the EPC data for a set of UK dwellings. The reduced data dynamic energy
model introduces a set of new methods for enhancing reduced data in order
to create equivalent detailed geometry and zoning information. Ultimately, the
techniques developed here can be used to provide new insights into the
transient aspects of energy use and indoor air temperatures in the UK

housing stock and therefore has value as both a policy and a research tool.

7.3. Model Predictions and Comparison with SAP

Simulations were run using the completed RAJDEM and results were
compared to equivalent steady-state SAP model to complete the Objective 5
of this study (Compare the results of the reduced data dynamic energy model
with those from equivalent steady-state models). The model predictions
showed RADEM predicts lower annual space heating demand compared to
SAP in majority of the houses. The RADEM predicted higher annual space
heating demand only in 28% of the houses and predicted lower annual
demand in 72% of the houses compared to SAP results. The RADEM’s
tendency to predict lower space heating demand was previously observed in
other studies comparing a dynamic energy model to a steady-state one.

Shorrock et al. (1996) modelled the semi-detached dwelling described by
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Allen and Pinney (1990) in dynamic energy software ESP-r and SERI-RES,
and compared the annual space heating demands to steady-state BREDEM-
8 and BREDEM-12 models of the same dwelling. Both dynamic energy
models underestimated the annual space heating demand compared to both
BREDEM-8 and BREDEM-12 steady-state models. Yilmaz et al. (2014)
modelled the same semi-detached dwelling in SAP 2009 and EnergyPlus
where the dynamic EnergyPlus model underestimated the annual space

heating demand compared to steady-state SAP model.

The RADEM predicted annual space hating demand in 94% of the houses in
the dataset within 10% margin of SAP estimates. The close alignment
between RADEM and SAP predictions verified the data preparation process
to develop SAP equivalent input data. When compared to steady-state model
estimates, the RADEM with SAP equivalent input data performed better that
the dynamic energy models developed by Shorrock et al. (1996) and Yilmaz
et al. (2014). The ESP-r model developed by Shorrock et al. (1996) and the
EnergyPlus model developed by Yilmaz et al. (2014) underestimated annual
space heating demand with more than 18% difference to BREDEM and SAP

steady-state models.

The rate of reduction in space heating demand predicted by RADEM when
subjected to same set of improvements were less than 1.4% different to
steady-state SAP predictions. Shorrock et al. (1996) and Yilmaz et al. (2014)
also investigated the potential savings from improving building fabric. The
difference they found between dynamic and steady-state models ranged from
1.7% to 11.2%. The closer alignment between RADEM and SAP in predicting
space heating demand reduction compared to previous modelling exercises
once again approves the successful data preparation process which has
resulted in two equivalent models with close results. In the previous studies
by Shorrock et al. (1996) and Yilmaz et al. (2014) the dynamic models
predicted smaller improvements in space heating demand compared to
steady-state models. In contrary to these studies, the RADEM predicted
larger improvement in space heating demand compared to SAP.
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7.4. Limitations of the Research

This research addressed limitations of the previous energy models
developed for UK houses (summarised in Section 2.7) by introducing a
transparent dynamic alternative to traditional steady-state BREDEM
calculations. The RADEM was capable of taking into consideration the
complex and dynamic nature of the energy consumption in the dwellings
while using the same input data source as the steady-state SAP. However,
this research had limitations which should be addressed by the future work.

The limitations of this research can be summarised as follows:

e This research used the semi-detached dwelling description from Allen and
Pinney (1990) Standard Dwellings Types to develop the reference model
which was used to investigate the zoning and geometry enhancements.
The Standard Dwellings Types by Allen and Pinney (1990) is a relatively
old document and the house descriptions specified in this document had
some major differences to the dwellings modelled in this study. These
differences were observed in level of external wall insulation, loft
insulation, and glazing types. Consequently, the outcomes of zoning and
geometry studies were based on an old semi-detached dwellings type
with poorer insulation and air tightness which increased the level of

uncertainty when the same outcomes were applied to modelled dwellings.

e Despite including the most common semi-detached dwelling types, the
model developed in this research doesn't take into account the dwellings
with conservatories, room in roofs, and dwellings with more than one

extension.

e The SAP equivalent weather data was re-created based on the details
provided in SAP 2012 and a typical weather data file for Midlands region
of UK. Although this weather file was the closest that could have been
achieved to SAP weather data, it includes uncertainty due to insufficient
amount of weather details provided by SAP.
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e Despite the close alignment achieved between RADEM and SAP results,
this study was not able to conclude which model predicted the space
heating demand more accurately and closer to actual consumption of the
dwellings.

e The RADEM was constructed on MATLAB platform. Although this
platform is suitable for prototyping, it has not been possible to develop a

user interface for the model.

7.5. Implications of the Research

The model developed based on reduced data will have a number of
important implications for academia, industry and policy makers. The findings
presented in this thesis provided insight into the complex relationship
between amount of input data available and the level of complexity of models.
Prior to this research many studies had identified the lack of real life data
required for energy modelling as main issue in developing robust and
detailed models. This study for the first time investigated the possibility of
developing detailed dynamic energy models based on reduced data suitable
for simple steady-state models. The data preparation process described in
this thesis was able to develop a set of SAP equivalent data which was
suitable for dynamic simulation. The most important implication of this
research for academia and policy makers is that regardless of level of
complexity the model has, if the required input data is not fed to the model,
the model will fail to capture the reality of energy consumption in buildings.
Although dynamic models are capable of solving more complex and detailed
heat transfer equations, feeding these models with reduced data will
transform them into simple reduced level models which are not capable of
using their full potentials to predict realistic energy consumption in dwellings.
Hence, the similar performance gap observed between steady-state model
results and real life data will be observed in dynamic energy model results as

well.
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This research also established the grounds to use dynamic energy simulation
in evaluating energy and environmental performance of dwellings for policy
making decisions and developing more detailed EPCs. Current regulations
only make use of dynamic simulation compulsory for commercial buildings
due to higher cost associated with gathering required data and also higher
level of expertise and time required for developing dynamic energy models.
The possibility of using reduced data, which is already available on the UK
dwellings, for dynamic simulation purposes provides a great opportunity to
use capacities of dynamic models in introducing robust policies. The
algorithms developed for producing SAP equivalent input data for dynamic
energy simulation proved to be capable of predicting energy consumption
and temperature distribution of dwellings with close alignment to SAP
predictions. The use of dynamic energy simulation will enable policy makers
to use wider range of hourly and sub-hourly model predictions to put stronger

and more practical policies into action.

The capacities of a reduced data dynamic energy model will also benefit
energy providers by providing hourly consumption predictions which will
enable the energy providers to identify peaks of consumption in district or
national level. A good example of the implications this research has in energy
management industry is the capability of the RADEM to predict space heating
and hot water energy demand of groups of existing dwellings, which are
heated by community energy systems. The model can predict likely
consumption of community dwellings for the next day or two which will
enhance the energy management process by providing energy forecast data
for a specific group of dwellings. In this way, the RADEM will pave the way for
developing better community energy management systems, especially in

urban areas.

7.6. Summary

This chapter discussed the process of developing SAP equivalent input data

for dynamic simulation and development of the reduced data dynamic energy
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model (RADEM). The chapter started with revisiting the methodology
employed to investigate the possible design solutions and decisions made in
developing the model. The choice of modelling dataset and the reference
model used to examine design solutions was discussed and related literature
were cited to support the decisions made in the process of preparing data.
The two main methodological enhancements made to model zoning and

geometrical aspects of the dwellings were also discussed.

The chapter continued with discussion of model results (Section 7.3). Annual
space heating demand and mean monthly internal temperature predictions
from the model was compared to other modelling studies. The difficulties of
data preparation process and developing SAP equivalent input data for
dynamic simulation and the limitation of the research were explained in
Section 7.4. Finally, the possible implications that the model described in this
thesis has for the academia, the policy makers, and the industry were
presented in Section 7.4.
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8. CONCLUSIONS

8.1. Introduction

This thesis has described the development of a Reduced Data Dynamic
Energy Model (RADEM) for simulating the energy performance of UK houses.
The RADEM eliminates the main drawback associated with dynamic energy
modelling, namely: the large amount of required input data compared to
steady-state models, by employing a reduced set of data which was originally
collected for EPC models. The enhanced zoning and geometry details
together with SAP equivalent constructions and boundary conditions were
used to develop the RADEM which is equivalent to the steady-state SAP and
the results are comparable.

8.2. Summary of the Main Conclusions

The critical analysis of existing energy models of the UK dwellings revealed
the incapability of these models in fully capturing the reality of energy
consumption in the dwellings. All the steady-state models developed for UK
housing stock were criticised for their low level of transparency. These
models were not capable of taking into consideration the complex,
interdependencies, and dynamic nature of the energy consumption and
carbon emission. Furthermore, the uniformity of the assumptions made by
these models resulted in systematic errors that could have negative
consequences for energy policy making, and the targeting of energy

efficiency measures.

This thesis presented the work undertaken to use a dynamic energy
simulation software to overcome the limitations of the steady-state models
like SAP. The main concern in using the dynamic simulation to predict energy
consumption of the domestic buildings is the larger amount of required input
data compared to steady-state models. This issue was overcome by
employing the existing EPC datasets as main source of data. Prior to this
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research, there was no peer reviewed published literature to indicate
potential of reduced datasets like EPC, which was originally developed for

steady-state models, for dynamic simulation purpose.

The two main area for improvements were identified as zoning and geometry.
The methods developed by previous studies to handle reduced zoning and

geometry details were improved and employed in the RADEM.

8.2.1. Methodological Conclusions

The most suitable zoning and geometry modelling strategies using the
reduced zoning and geometry details in the modelling dataset were
investigated. The reference model, which was developed based on common
UK semi-detached dwelling described by Allen and Pinney (1990), was used
as a base case and a comparator in investigating suitability of different
zoning strategies and geometry modelling techniques. Three different zoning
strategies were investigated: a single zone strategy, a two zone strategy
assigning individual thermal zones to each floor of the dwellings (floor
zoning), and a two zone strategy assigning the living area with one and the
rest of the house with another thermal zone (SAP zoning). The summer and

winter results were studied and compared to the reference model:

e Under summer conditions, the choice of zoning didn’t have significant
impact on temperatures but evidence showed that ‘Floor’ zoning had
closer estimates to the reference model. Under winter conditions, choice
of zoning showed a more significant impact on indoor temperatures. ‘SAP’
zoning gave closer estimates to the reference model under winter

conditions.

e The ‘Floor’ zoning strategy showed the closest space heating demand to
the reference model. Considering both internal temperatures and space
heating demand estimates of the three zoning strategies, choice of 'Floor’

zoning was shown to be the most suitable strategy to model the dataset
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houses. ‘Floor’ zoning was also preferred over ‘SAP’ zoning due to

unknown location of the living room in the dataset houses.

e Hence, the ‘Floor’ zoning was found to be better suited to modelling the
UK semi-detached dwellings available in the modelling dataset and this

method was chosen for implementation in the RADEM.

A methodology was developed to preserve all the geometrical details given in
the modelling dataset, while creating the full three-dimensional geometry
which could be used in dynamic simulation of the dwellings. The proposed
methodology introduced an ‘Excess Area Block’ to the model. In this way the
correct floor area, heat-loss perimeter and party wall length, as identified in
the modelling dataset, was conserved for all the dwellings. The suitability of

this method was tested on an extended version of the reference model.

e The predictions from the model with reduced geometry details were
compared to that of the detailed reference model, and a very close

alignment within 1% difference was achieved.

e The methodology was also tested when extensions were present and a
similar close alignment was observed between the predictions of the
model with reduced geometry and detailed reference model. The close
alignment of models predictions showed that this methodology was suited
to be used in the RADEM.

8.2.2. Model Verification

The method developed for creating SAP equivalent input data, zoning
strategy, and enhanced geometry details were tested and verified through
comparison with more detailed models. The verification process was carried
out in two steps: once using the detailed reference model and once using

detailed models of three actual dwellings from the modelling dataset.
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The close alignment of the results from RADEM with SAP verified the
developed methodology for creating SAP equivalent input data. On the other
hand, the close alignment between RADEM and more detailed dynamic
model predictions, which was less than 5% different in all the studied houses,
verified the data preparation process developed to model geometry, thermal

mass and zoning using reduced data.

8.2.3. RADEM Results and Comparison with SAP

Simulations were run on the 83 modelled houses. The annual space heating
demand and monthly internal temperatures predictions from the RADEM
were compared to the SAP results. The estimated reductions in the annual
space heating demand from the two models when subjected to same set of
external wall improvements were also compared. Following is a summary of

main conclusions from the comparisons of the RADEM and SAP predictions:

e The RADEM predicted higher annual space heating demand in 28% of the
modelling dataset houses and lower annual space heating demand in 72%
of the houses compared to SAP estimates. The differences observed
between RADEM and SAP was 1-17%.

e Annual space hating demand in 55% of the houses in the modelling
dataset was predicted with less than 5% difference to SAP, in 39% of the
houses with 5-10% difference and only in 6% of the houses the predicted

annual space heating was more than 10% different to SAP results.

e The RADEM as a dynamic simulation tool predicted slightly lower internal
temperatures and consequently the lower energy demands compared to

SAP in majority of the modelled dwellings.

e The RADEM gave a wider range of mean monthly temperatures in heating
season compared to SAP which suggested the assumption made in SAP

constrains the temperature predictions.
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The RADEM predicted lower improved space heating demand compared
to SAP for the three studied test house.

8.3. Recommendation for Future Research

The work undertaken within this thesis is an important first step towards

understanding the potential of equivalent dynamic energy models over

currently used steady-state models for building evaluation and policy making

decisions. In this context, several areas of future research have been
identified:

The work presented here has concentrated on the development of
equivalent SAP data for a set of semi-detached dwellings. All the
decisions were made based on studies performed on the UK common
semi-detached dwellings. To get this model to work for entire housing
stock, one of the most important areas of future work would be to include
other dwellings types (Detached, terraced, and flats) in the data
preparation process for the model. This would require identifying further

construction materials, new geometries and zoning configurations.

The model results were verified through comparison of space heating
demand and indoor temperatures to more detailed models and to SAP
predictions. The other very important area of future work would be to
compare the RADEM predictions with measurements in the modelled

dwellings when heating system settings and internal gains are matched.

The model predictions provide a great opportunity for future studies to
investigate impact of future weather conditions on existing dwellings. A
detailed overheating analysis based on hourly results when the internal
boundary conditions are matched with TM59 would provide insight into
the measures that will be required to be taken in the future in order to

maintain occupant’s comfort in the dwellings.
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Once this model is completed, the algorithms developed for creating SAP
equivalent inputs from reduced data will be of significant value as a
dynamic alternative to current steady-state policy making tools when
transient variations in energy demand and indoor air temperatures are

required.
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G
Energy Performance Certificate (EPC) S A P

paTight 2005

17 Any Street, District, Any Town, BS 5XX

Dwelling tyoe: Detached house Reference number:  0000-0000-0000-0000-000C
Date of assessment: 15 August 2011 Type of assessment: RASAP, existing dwelling
Date of certificzste: 12 December 2011 Total floor area: 165 m?

Use this document to:

4 Compare curent ralings of properties 1o see which properies are more energy efficient
+ Find out how you can save energy and money by installing improvement measures

Estimated energy costs of dwelling for 3 years £5,367
Owver 3 years you could save £2,763

Estimated energy costs of this home

‘Current costs. Potential costs Potantial future savings
Lig hting £375 over 3 years £207 over 3 years
Heating £4 443 over 3 years £2 067 over 3 years
You could
Hot water £549 over 3 years £330 over 3 years save £2,763
Totals |£5,367 £2,604 over 3 years

These figures show how much the average household would spend in this property for heating, lighting and hot water,
This excludes energy use for running appliances like TVs, compulers and cookers, and any electricity generated by
microgeneration.

Energy Efficiency Rating

ial
Wary anargy afficiant - lowar nanning costs Gurrent |Potentia

The graph shows the current energy efficiency of
your home.

The higher the rating the lower your fuel bills are llkely

to be.
i55-61) [8] A ;
— r The potential rating shows the effect of undertaking
L E '—ﬂ@ the recommendations on page 3.

The average energy efficiency rating for a dwelling in

England and \Wales is band D (rating 60).

Recommended measures Indicative cost Tm,izra LS;T::EE Aamlg;:h
1 Increase loft insulation to 270 mm £100 - £350 £141 o
2 Cavity wall insulation £3500 - £1, 5000 £337 Q
3 Draughtproofing £80-£120 =78 o

See page 3 for a full list of recommendations for this property.

When the Green Deal launches, it may allow you to make your home warmer and cheaper to run at no up-front cost. Ta

find out more, contact the Green Deal Advice Service on 0800 X20( XXX or visit www.greendealadvice.org-
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Energy Performance Certificate

Summary of this home’s energy performance related features

Element Description Energy Efficiency
Walls Cavity wall, as built, partial insulation (assumed) * %k
Roof Fitched, 75 mm loft insulation L & Sty
Floor Salid, no insulation (assumed) -
Windows. Fartial double glazing o
Main heating Euwiler and radiators, mains gas * & et
Main heating controls Programmer, room thermostat and TRVs L B
Secondary heating None -

Hot water From main system o
Lighting Low energy lighting in 17% of fived outlets i J T I

Current primary energy use per square metre of floor area: 298 kWh/m? per year

The assessment does not take into consideration the physical condition of any element. 'Assumed’ means that the
insulation could not be inspected and an assumption has been made in the methodology based on age and type of
construction.

Low and zero carbon energy sources

Low and zero carbon enengy sources are sources of energy that release either very litthe or no carbon dioxide into the
atmosphere when they are used. Installing these sources may help reduce energy bills as well as cutting carbon.
There are none provided for this home.

Opportunity to benefit from a Green Deal on this property

When the Green Deal launches, it may enable tenants or owners o improve the ;;mpart:.r they live in to make it more
energy efficlent, more comionable and cheaper to run, without having 1o pay for the work upfront. To see which
measures are recommended for this propery, please turn to page 3. You can choose which measures you want and
ask for a quote from an authorised Green Deal provider. They will organise Installation by an authorised Installer. You
pay for the improvements over time through your electricity bill, at a level no greater than the estimated savings 1o
energy bills. If you move home, the Green Deal charge stays with the property and the repayments pass 1o the new
bill payer.

For householders in receipt of income-related benefits, additional help may be available.
To find out more, contact the Green Deal Advice Service on 800 XXX XXX or visit www.greendealadvice.org.

Authorised Finance at Choose from Pay from Repayments
home energy no upfromt authorised savings in stay with the
assessment cost installers energy bills home
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17 Any Street, District, Any Town,

2011 RRN; 000 -0000-0000 Energy Performance Certificate

The measures below will improve the energy performance of your dwelling. The peformance ratings after
improvements listed below are cumulative; that is, they assume the improvements have been installed in the order
that they appear in the table. Further information about the recommended measures and other simple actions yow
could take today to save money is available at [link to remote advice centre]. Before installing measures, you should
make sure you have secured the appropriate permissions, where necessary. Such permissions might include
permission from your landlord (if you are a lenant) or approval under Bullding Regulations for cerain types of work,

Measures with a green tick a are likely to be fully financed through the Green Deal, when the scheme launches,
since the cost of the measures should be covered by the energy they save. Additional support may be available for
homes where solid wall insulation is recommended. If you want to take up measures with an orange tic:kc} be aware
you may need to contribute some payment up-front.

Typical savings Rating after Green Deal
per year improvement finance

Recommended measures Indicative cost

Inc-ease loft insulation to 270 mm £100 - £350 £47 (]
Cavity wall insulation £500 - £1,500 £179 DE5Y] (v
Draughtproofing £60-£120 £26 o (&0 o
Low energy lighting fer all fixed outlets £50 E43 o (&9

Replace bailer with new condensing boiler | £2 200 - £3 000 £339 0
Ropice g gesss o 0. | e 2

Alternative measures

There are alternative measures below which you could also consider for your home.
External insulation with cavity wall insulation

Biomass boiler (Exempled Appliance if in Smoke Control Area)

Airor ground source heat pump

Alror ground source heal purnp with underfloor heating

Micro CHP

& k& & @ ‘

Choosing the right package

Wisit www.epcadviser.direct.gov.uk, our online tool which uses information from this H
EPC to show you how to save money on your fuel bills. You can use this tool to DI rectgov

personalise your Green Deal package. Public services all in one place
Green Deal package Typical annual savings
Loft insulation You could finance this package of
Cavity wall insulatien measures under the Green Deal. It could
Total savings of £587 save you £58T a yearin energy costs,
Draughtproofing based on typical energy use. Seme of all

of this saving would be racauped

‘Condensing boiler through the charge on your bill.

Electricity/gasiother fuel savings £0/£587 / 80
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17 Any Street, District, Any To

12 December 2011 RRN: 0000-0000-0000-0000-0000 Energy Performance Certificate

About this document

The Energy Perdormance Cerificate for this dwelling was produced following an energy assessment undertaken by a
gualified assessor, accredited by [scheme name]. ¥ou can get contact details of the accreditation scheme at [scheme
website address), together with details of their procedures for confirming authenticity of a certificate and for making a
complaint. A copy of this EFC has been lodged on a national register. It will be publicly available and some of the
underlying data may be shared with others for the purposes of research, compliance and direct mailing of relevant
energy efficiency information. The current property owner andior tenant may opt out of having this information
disclosed.

Assessor's accreditation number:  [accredition number]

Assessor's name: [assessor name]
Phone number: [phone]

E-mail address: ﬁ-mal

Related party disclosure: o related party

Further information aboul Energy Pedformance Cerlificales can be found under Frequently Asked Questions at
www.apcregister.com,

About the impact of buildings on the environment

One of the biggest contribulors o global warming is carbon diexide. The energy we use for heating, lighting and power
in homes produces over a quarter of the UK's carbon dioxide emissions.

The average household causes about & tonnes of carbon diexide every year. Based on this assessment, your home
currently produces approximately 8.5 tonnes of carbon dioxide every year. Adopting the recommendations in this
report can reduce emissions and protect the environment. If you were 1o install these recommendations you could
reduce this amount by 5.3 tonnes per year. ¥ou could reduce emissions even more by switching to renewable enengy
S0UrCes.

The environmental impact rating is a measure of a home's impacl on the environment in lerms of carbon dioxide
{COw) emisslons. The higher the rating the less impact It has on the environment.

BEE A\ ez pius

Highar CCy emissiens Lewer Gl emissiors
Potential rating

Your home’s heat demand

For most homes, the vast majority of energy costs derive from heating the home. Where appllicabie, this table shows.
the energy that could be saved in this property by insulating the loft and walls, based on typlcal energy use (shown
within brackels as it is a reduction in energy use).

. - . Impact of loft | Impact of cavity Impact of solid
Heat demand Existing dwslling insulation wall insulation wall insulatiorn
Space heating (kWh per year) 22,154 (T25) (4494 MR
Water heating (kWh per year) 2,792

This dwelling may have narmow cavities and so requires further investigation to determine which type of cavity wall
insulation is best suited.
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APPENDIX B

SAP Worksheet (Version 9.92)
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SAP WORKSHEET (Version 9.92)

1. Overall dwelling dimensions

Area(m?) "“;'zgm"‘ {ﬁ,l‘;“ Volume (i)

Basement [ s ) = [ ea)
Ground lor [ Jow o« [ Jew = [ e
Fist foor [ do « [ Je = [ e
Second foor [ o9 « [ Jeo = [ oo
it o T — R —
Other fo0s (rapeat as necessary) [ dm o« [ Jen = [ TJen
Total floor area TFA= (1aj(1bj(1ci{1d}s(te)..(n)= [ |@)

Dwelling volume Rapdbl{lciidie). 3 = [ @
2, Ventilation rate

Number of chimneys [ [+ | | | =] k0= [ ] t6a)
Humber of open fues | | + | | | | = = [ ] 0

[ 1

Mum ber of intenmiient fans

|

Number of passive vents «0= [ ]
Number of flusless gas fies «40= [ ] @
Air changes per hour
Infitrason due ko chimneys, flues, fang, PSVe  (BapBbjsTaliopTc)= [ |+ (8)= |ji| (8)
If & pressurisafion fesf has been camed ouf orisinfended, procesd fo (17), aherwise continue from (9) fo (16)
Number of storeys in the dwelling {r) [ ] )
Addbional infilration [9)-1]x0.1= [ ] um
S tructural inflfrafion: 0.25 for stsf or fmber frame or .35 for masony consfrudtion [ T
if baith fypes of wall are present use fhe value conesponding fo the grealer wall area (affer deducing areas
of apenings); if equal use (.25
If suspended wooden ground floor, enfer 0.2 junsegied) or 011 [Seaied), else enter 0 [ T uy
If o deaught lobby, erter (W05, else enter 0 ]:[ (13}
Pexcentage of windows and doors drawght proofed |:| (14}
Window infitrason 025 - [0.2 = (14) + 100] = [ Jus
Infitrafion rate (8)+ (10) + (1) +(12) +(13) + (15) = [ 1 s
Air pemeability value, qm, expressed in cubicmetes per hour per squas metre of envelope area [ T1un
If bassed on air permeatilly value, then (18)= [(17)+ 20]+8), otherwise (18) = (16) [ T
Air parmaabilty vaiue appies if a pressurisaion fest has been dong or a design or specified ar permeability is being used
Mumber of sides on which dwelling is shdlered {19)
Shelter facior {20)= 1 - [0.075 « (19)] (20)

Il

infitration ete incorporating shelier factor {21)=(18) = (20} (21)
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Infiltrafion rabe modified for monthly wind spesd

Monihly average wind speed from Table L2

Jan Feb  [Mar Apr [May  |Jun Jul Ay |Sep O [Now Dec
(Ew= [(Z2n |(Z2e 2R (22 (28 [(22w (22 (22 ((2Zp  |EEw [[EE)n |[2E)e
Wind Factor  (22a)m = (22} + 4

(22a)=  [(22a) |(22a} [(22a)y [(22a)s [{22a)s [(22a) [(22a) [(22a) [{222) |@2a)u (223} [(22a)e ]

Adjusted infiration rate (allowing for sheler and wind speed) = (21) » (22a)w
(22bhn= (220} [(22bp [(22b)s [(220) J{220)s [(220) [{22) [(220) {220} |@20)w [(220) [(220) |

Calculate effective air change rate for e applicable case:

If mechanical venfilabon: &r change refe trough system [05 |22
if exhaust air heat pump using Appendix N, (23b) = (23a) x F,, (equafion (N4)) , afherwise (230) = (23a) |:| (23)
If balanced with heat recovery:  efficiency in % allowing for inuse factor from Table 4h) = [ e

a) i balanced mechanical ventilaton with heat reoovery (MVHR)  (Majm = (E2bln + (238 = [1 - (23c) + 100]
(Maj= |@4a) [(24ap [(24ap [(24ap [(24a)s [Pda) [(24a) [(24ap [(24ap [(24a)0 [i242)n [i242)e |
by} If bedanced mechanical ventiation without heat recovery (MV)  (3blw = (F2blw + (230)
(Mbhn=  |@40) [(246) [(246p [(240) [(240)s |4k [(246) [(2460 [{240p [(24600 [{240)n [i240) |
) If whide house extract ventilabon or posifive input ventilation from oulside
if (220)m < 0.5 * (230}, then (24c) = (23b)  ofherwise 24c) = (22b)m + 0.5 * (23b)
(M= [@dc)  [(24ck [(24ck [(28ck [280s [@ack [(24ck [(24ck [(24ck [(24c)e [(24ch: [@4c)e |
d) i natural vendlation or whole house posifive input ventifasion from loft
if (22b)m = 1, then (24djm = (Z2t}n  othemwise (2dl = 05 + [[Z2bh? = 0.5
(4dn=  [(24d) [@4dp [[24dp [[24d) [[24d)s [24s [@4dy [[24dk [(24dk [(24d)w [(24d): [R4d)s |

Effective air change rate - ener (24a) or (24b) or (24c) or (24d) in (25)
(2= 25 [@5k @25k [k 2% @5k [25F Ji25k (250 [(25ke [@5): [(25)e |

If Appendix O applies in relafon i air change rate, the efiecfve air change rate is caloulated via Appendix O and use the
following instead

Effective air change rate from Append O caloulation shest
l25w=_ i25k @5k |25k (25} [i25k (@5 25k |i25h (25 [i25ho |@5)« [(25)e |

(24a)

{246)

(24c)

(24d)

(25)

(23)
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3. Heat kosses and heat loss parameter

Ifems in the fable beiow are fo be expanded as necessary fo aliow for all dFemenf fypes of element ag. 4 wall fypes
The s=vaive is fhe heat capacty per urif area, see Table 1o

Elemert Gross Openings  Netarsa vaee = AxU K-valie Bk
area, m? m* A m? Wim 2K WK kK kJIK

Solid door | [ = | | | | (26)
Saigazed dor C 1+ [ asa)
Winsdow | [ « ["beiow | =] | [4))]
Roof window | [ « | "below | =| | (27a)
Sesemet for N [ R N [ B B
Ground foor I O S [ 8 o Y —
Exposed foor | [« ] | =] | | [ | [ (280)
memertwal [ |- J=[_|+[__1-[_ 11 ]
eenawat [ |- ][+ 111w
Roof 1T 1-C 1" J-C_ JLC_1C 1
Total area of extemal elements ZA, m® [ e

Party wal | | = | | = | | | | | | 32
(parfy wall U-value from Table 3.6, & acconding fo ifs construcfion)

Paty foor [ ] | | e
Party osling [ ] | | [ em
ineenl vell L] I I
Intemnal foor [ ] | | | | (32d)
Intemal celing ]:l [ | 1 [ (32e)

" for windiow's and ol windows, e afecive wintiow U-value caloubled wsing formule W1 U-valugl+0 04] 85 given in paragvaph 2.2
** inclucke the areas on both sides of infiermal walls and padifons

Fabic heatloss, WK =X @ « U} (26)...(30) + (32) - [ e
Heat capagity Crm=E(A x « ) (28)...(30) + (32) + (32a)...{32¢) = [ e
Themal mass pammeder (TMF = Cr + TFA)in KJim3, = (14} + (4) = [ e

Fordesign assessments where e defails of fie consfrudfion are rof known precisely fie indicaive values of TMP in Table 1f can
be wsed insfead of a defaiied calcuiafion Also TMP calcuigfed sepamfely can be wsed in (35)
Themal brdges: £ (L = W) caloulated wsing Appendis K

if detais of tharmal bridging are nof known [26) = 015 «(31)

£6)

Total fabric heat boss (33)+(38) = a7}
Ventilaton heatloss calculated monthiy B8)m =0.33 # (25)m = @)

Jan  |Feb  (Mar  [Apr [May  [Jun [Jud Ay |Sep |0 MWov  |Dec
(3Bjm= (3 [(38e |(¥e [ [(Es |28k [(38F [k )38k (38w [ |[[HEe 38)

Heat transfer coafiicent, WK (39} =(37) = 38}

(39w= [39 [3%p 3%k o0k [39% [poN [3or R0k 3%k [B390 [B39 38 |

Average = (3 w/12= 39
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Heat loss parameter (HLP), Wim™K {40hn = (3% = (4)
(@0 = [40) [i40e [i0p [0} [40k (M0 [140) @0n 40k |40k [140) [i40)e |

Average = Z(40), p12= H0)

Humberof days in month (Table 1a)

Jan o |Feb  [Mar [Apr [May  [Jun  [ul g |Sep  [Od Mov  |Dec
(M= |d1p [ [ [ [0 (410 [0 [ [ (ko |k |1 #1)
4. Water heating enemy requiremant kWhiyear

Assumed occupancy, N ]:'-:42:.
FTFA =139, N=1+1.76 « |1 - expfd. (00349 « (TFA -13.9F)] + 0.0013 = (TFA -13.9)
fTFA= 138 N=1
Annual average hot waler usage in lires per day Vg merage = (25 % N) + 36 [ e
FReduce e annual average hot waler usage by 5% if the dwaling & designed fo achieve a wafer use famd of
nof more the 125 [fres per person per day (all wafer use, hof and cold)
[lan  Treb  TMar Japr  [May Joun Jou Jaw JSep oot [Nov  Dec |
Hot water usage inlitres per day for each month Vg = factor from Table 1o « (43)
e T T T e P T e e e T T e
Totd = Z(44)1.12= | (44}
Energy confent of hot weter used = 4.18 » Vigm » g = AT /3800 KWhimonth (see Tables 1b, 1, 1d)
(45w = |45 |45k |45k |45k |45 45w (@5 |45k [45k [45he [145)  [#5)e

Total =Z(@5): 1= | (45)

If insfantaneous water heafing af painf of use (no hof walker slorage), anfer 07 in (46) fa (61)

For commurify heating inciude dsfdbufion loss whethar ar na hof walier fank [s prasant

Distribution loss (48w = 0,15 % (45w

{46w= [[48) [i46k [46k Juek [k [98s [#6r 48k Ji46k Ji46)e [96): (861 | (48)
Storage volume fitres) induding any sokar or WWHRS storage within same vessel [ Jun

K communty heafing and no fank in dwalling, erter 110 lires in (47)
Cthenwise if no stored hof wafer (This includes insfarfaneous combi boilers) enfer '0"in [47)

Waler stomge hoss:

a) If manufaciurer’s declared loss factor is known (KWhiday): [ Jua
Tampersture facor from Tatie 2o [ Jue
Enermy lost from water siorage, KWhiday (48) = (49) = ]:l {(50)

b} If manufacturer's declared loss factor i not known :

Hot water stomge loss factor from Table 2 (KWiiteday) [ ey
I communiy heafing see sachon 43

Volume factor from Table Za [ e
Temperature factor from Table 2b [ e
Enexy lost from water stomge, KWhiday 7] = (51) = (52) « (53) = ]:l {54}

Enter (50) or (54)in (55) [ e

Water stomge loss calaulated for each month (58 = (35) * (1w

(58w= [158) [i58k [156k [(56) 158k [i56)  [(58F  [i58) [®8k  [iS8he J(58: [iSE)e | {58)
If the vessel contains dedicated solar siorage or dedicated WWHRS slorage, 7w = (38 = [(47) = V] + (47), else (57} = (56w
whes V, 5V, from Appendix G3 or (H11) from Appendix H (a5 applicable).

57w= |57 |57 576 [57W 576 [i57s NIy [i57e [B76 |57 [570: 57} | {57)
Primary circull loss for each month from Table 3

(modified by factor from Table B4 if there is solar water hesfing and a8 cylinder thermostaf, affiough nof for commurly DHW sysfems)
(59 = |59 5% [59k  [59h  [5%k  [1%9s |58 [159k  [B9k  ]i5%ke [159h: 59} | {59)
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Combi loss for each month from Table 3a 3b or 3¢ {enier "07 if not a combi boder)

Btw= [B1) Bt 616 [E1e Bt [B1e Bt B |61 [t [Ete 61 | {61}
Total heatrequired for water heating calculated for each month (§2)w = 085 = (45} + (48} + (57w + (58w + (61w
B2 = |52  [B2 [B2n [B20 626 62l |62 [62% 826 [B2w |20 [62)2 | {82)

Solar DHW input calculated wsing Appendix G or AppendixH (neqative quantity) (enter 507 if no solar contribubon to water heating)

(2dd addifional lines if FGHRS and'or WWHRS appies, see Appendix G)

(B3w= [63) |63 636 [B3W 635 [63s 63 |63k [B3p  [63) |53 63} | (63)

Cutput from water heater for each morth, MWhimonth  (84)n = (82 + (83}

(B= |84 [B4p 840 B4k B4 546 (B4 B4k [B4b B4 B4 [B4)e
Total peryear (Whlyear) =X(64) o= | |(84)

if (64} < O then setfo 0
Heat gains from water heating, KWhimanth 025 =[085 * (45w + [81)w] +0.8 = 48} = (57w + [58)m |

(65w = (85 [iB5k |65k [B5M [B5s [65w |65k  |i65k [®5m  [iB5)w |65 [65)e | (65)

include (57w in calculafion of (65} only If hot wafer sfore is in fhe dwelling or hot wafer is from communily he ging
5, Intemal gains (see Tables 5 and 5a)
Metabaolic gains (Table 5), walls

Jan Feb Mar  [apr May [Jun Jul AL Sep (O Now Dec

(88w = |66} |88k |88k BBl |88l |(6Ek |88k |(BBm [BBk [(88lw |iEElm |EEa)e (68)
Lighting gains {calculated in Appendix L, equation L9 or L9a), also see Table 5
BTm= |67 |67k 676 [B7W  [676 [676  [67r 676|876 |67 |7 [67) | 67
Appliances gains (calculated in Appendi: L, equation L13 or L13a), also see Table 5
(68w = [B8) 68 [68) [B8) |68 [68s [B8r |68k  [BBk  [B8)0 |68} |68} | 58)
Cooking gains (calculated in Append L equation L15 orL15a), also see Table 5
(6% = [89) 6% |68 [B9) |58 [i68s  [B9r |63k [B8w  [B%)0 |68 6%} | 68)
Pumps and fans gains (Table 5a)
M= J700 [0 [0k [P0 J00s 006 00k J00s [00k  [00ke [0 [0k | 7o)
Losses e.q. evaporabon (negafive values) (Tabde 5)
o= 7t [0 J0te @0 J0s [0t J@tr Qe [0t [0t J@te [0 | )
Water heating gains (Table 5)
o= 72 [02e (72 73« J02s 02 [72r J0& [0 (08 J02: |02k | ]
Total Intemal gains = (88} + (67w + (68)n+ (83w + [0k + (T1}n + [T
(3= [72 02 0% 73 0% [0% 02 0% 0%k 0% 0% [0%= | 3

6. Solar gains

Solar gaing are calcylated wsing solar fiu fom U3 in Appendi U and associated equabions fo comeert o the appicable odanfafion. Rows
(74) to (B2) are used 12 fmes, ane foreach marth, repeating as neaded If thera is mone than ane window fypa,

ACoBss Area Solar fux 0, FF Gains
facior m? Wim? Specfic data Specic data W)
Table 6d or Table 6b or Table ¢
Nodh ® x %09« ® = (74
Mo heast * ¥ % 08 = x = {73)
East ® ® w08 = S = (78)
Southeast x x «08= % = {7
South " ® %09 x ® = (78)
Southwest b b w09 = = - {79)
Wes " x %09« " = (80)
Mothwest a a = b = (81)
Roofwindows[ 1.0 [« % %09 = ® = (82)
Solar gains in watls, calculaled for each month (83} = Z(74)w ... (82}
(83h= (83 [B3k [83p [i83u |83 |83 [(83r [i83e [@3k  [B3w |83 |83} | 83)
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Total gains = internal and solar (84w = (73w + (83, was

(= [[84) B4p J84p i 84 b 84y [84e |84l [B4)0 [i84)e [[84)e

7. Mean intemal temperature (heating season)
Temperatue during heding pericds in the living area from Table 9, Ty FC)
Utiisafion factor for gains for living area, 1y, (368 Table 9a)

Jan  |Feb  [Mar  JApr  |May  [Jun | Aug [Sep [Oet [New  |Dec

(8= [[86):  |(88k |(36) |88  |(88)s |{86} |(B6) (8B} |@Ek  |(B8)w [{86)n  |{88)e #5)
Mean intem al temperature in living area T+ follow sfeps 3fo 7in Table 3g)
@7m= [87p Jere Joere Jene Jeme Jor Jere Jeme [em Jene Jene Jene | )
Temperatue during heaing pericds in rest of dwelling from Tabbe 9, Ty (°C)
(68h= [(88): |i88p |88k |(8 (B8} (B8N [(8) [(B8) (@Bl [(88hw |88 (88} | 8)
Utisation factor for gains for rest of dwelling, vz~ (588 Table Sa)
(89m=[i88) [189p |88k (8%« (&%) [(B9 (8% [(BS) (@O |(8S)w [189)n [8%)e | #9)
Mean intem al temperature in the rest of dwelling T2

(foliow sfeps 8fo 9in Table 8¢, If wo main heating sysfems see Lidher nofesin Table S¢)
(90k= [190) [190p 190k (100 190k [0 [i90) [90k [80k  [90ho [190)s [190}e 80)
Living area fraction fLs = Living area = (4] = . 1)
Mean intemal temperature (for the whole dwelling) = fie « Ty +{1 =fL) =« T
B2w= [E2n [ieze J@2e e 2 52w Jser (92 (820 Ji82e 220 520 ] g2
Apply adjusiment 1o the mean intemal tem perature from Table de, where appropriate
= [23r [93 93k (93 193 |93 [93F |93k (836 [93w |93 |93 | 83
8. Space heating requirement
Set T) io the mean intemal temperature oblained at step 11 of Table 9b, so tha Tj 5={%3}m and re-calculate
the utilisalion faclor for gains using Table 9a

[lan  JFeb [Mar Japr  [May [un  Jli  JAwg JSep JOd  [Nov  [Dec |

Ll afion factor for gains, v,
(M= [[94) [ Jodp 94 J@4s [k [i94r Jiode [@4k  [i9)0 Ji9a) [B4)s | )
Usefu gains, n, G, W = (Ml » (M)
(95w = [95) 95k 195k [®5) 195k [958  [®% 195 @Sk 950 [85)n [i85)e | #5)
Monihly avemge extemal temperafum from Table U1
(96w= [6): [k |6k [96k %k [k [96- |96k [B6k [S6lw |86} |96}z | )
Heat loss rate for mean inlemal temperature, L, W = (380w = [{(93)wm— (96} |
= [67) JO7e 676 o7 J07 876 J97 [97% [87k 97k 07 J87)e ] 87

Space heating requirement for each month, KWhimonth= 0,024 = {7 = (%)) « (41)m

(9= [0 Jeee J@ee Jeew Jees - - - - (98} [(98): [198):2

Total per year kWhiyean = (88} _smw_e=
Space heafing mqurement in KWWhin?/year (98) + {4) =

#8)
—

For range cooker bollers whene eficiency Is obfained from the Product Chamclerisfcs Dafabase, mulfiply e msulfsin (98w
by 1 = oasa i) Where Psss i5 fhe heat emission fram the case of the range cooker & full fnad (in kW) and Puee is the
haat transfemed fo water & full inad (in kW), Sl 80t Suey are obfained fom the database recon for fhe range cooker
boiier Where thare are fwo main heating systems, this appbes F ihe range cooker bailer is system 1 ar system 2
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Bc. Space cooling requirement
|Jan |Feh |Mar |Apr |I'-'Ia',' |Jun |Ju |Aug |Sep |-Dc:! |h|c-'.- |Da=: |
Heat loss rate Ly, caloulated using 24°C intemal temperature and extemal lemperature for the applicable dimate (see Appendix U)

oow=l | [ [ ] Jooowfeeopfueon| | [ | | (100)
Ui agon factor for loss v

(101 =] | | | | [(101)s [(101) J{101) [ [ | | (101)
Usefulloss, L., (watls) = (100} = (101}

(102 = | | | | | [ (102)6 | (102) (102 | [ [ [ | (102)

Gains (intemal gains as for heating exoept that column (A) of Table 5 ks always used, solar gains calculated for the
applicable dimate, see Appendix U}

(103 =] | | | | [(103)s [ (103 [(103)s | [ [ | | {103)
Space cooling requirement for month, whole dwelling, continuous {kWh) = 0024 = [[103) — (102w ] = (1w
(104, = [ [ | | [(104)s [ (104) [(104)s | [ | |

Total = E(10M)s o= | (104)
Cooled fraction T.::W'E'd area < (4) = ]:l {105)
Infemmittency factor (Table 10b)
o | [ [ [ [ [uosw [y Joosw ]| | | |

Total =£(106)e0 = | {106)
Space cooling requirement for month = (104), * (105) * {106)y,
(107 | | | | | [ (107 [ (107 [(107)s | | | |

Total =Z{107)jsu= | {107)
Space cooling mquirement in KW hinlyear o «@= [ ]iog
8. Fabric Enengy Efficiency {calculated only under specid conditions, see secfion 11)
Fabric Energy Efficency g +r0g= [ (09

179



9a. Energy requirements - Individual heating systems including micro-CHP

Far any space heding, space coding orwaler heafing peovided by communty heafing use the afemafive worksheef 9b
Space heating:

Fraction of space heat from secondanysupplementary system (Table 11) 0" if none {201)
Fraction of space heat fom main system(s) {202 =1-{21) = (202}
Fraction of main heating from main system 2 if no second main system erfer "0” {203)
Fraction of fotd space hed from main system 1 (204) = (202) = [1=(203)] = (204)
Fraction of totd space hed from main sysiem 2 (205) =(202) » (203)= i {205)
Efficiency of main space heafing system 1 (in %) [ s

(fram database or Tabie 4a4b, adiusfad whane appropriate by e amount shown in he
‘space efcency adustment column of Table 4¢; for gas and oil boilers see 32.1)

I there Is a sacond man sysfem complate (207)

Effidency of main space heafing sysiem 2 (in %) [ i
(from dafabase or Table 4adb, adjusted whene appropriafe by e amount shown in fhe

‘space eficency adusiment column of Table 45 for gas and ol boilers see 92.1)

Efficency o secondansupplementary heating system, % from Table daor Appendixe) [ | (208)
Cooling System Energy Efficency Rafin (see Table 10¢) [ Jes
[an Jreb  Mar JApr  TMay  Jhun  [Jd JAwg JSep Ot TMev  [Dec | KWhiyear
Space heating requirement (calculated above)
(@8} [@8k T[98k [@8k 98 [- [- - [- |98 [98}: |88} |
Space heafing fuel (main heafing system 1), kWhimonth
(211} = B = (204) = 100 + 206}
@1 [0 [200 J2te JEtte J2ine - - [ [ [@i1e [211) [@ff)e |
Total (kWhivear) =2{211}.5.0. 2= {211)
Space heafing fuel (main heafing system 2), KWhimonth, amit if no second main haating system
(213 = B8 = (205) = 100 = [207)
@13 [213p J213e [213p [@13 [@136 -  [- - [-  [2130 [213 [@13)e |
Total (KWhiyesr) =2i213) sme= | |(213)

Space heating fuel (secondary), KWhimaonth
(215} = @8)n = (201) = 100 + @08)
(215 [215p [215k [(215p [215k [@15 |- [- |- |-  [215 [215 [@15)e |
Total (kWhivear) = Z{M5) 1502 = {215)

Water heating
Cutput from water heater (calculated above)

B4 [64e [B4k B4 |84 646 84 [640  [B4k  [B40 [164) [(B4)e
Efficency of water healer _ {218)
(From database or Tabie da4h, adiusted where appropriate by the amount shown in e ‘OHW efidency adiustment’ column of Table 4¢,
for gas and ol boders use the summer efficency, see 8.2.1)
if waler heating by a hot-water-only boder, (217 )y = value from database record for boder or Table 4a
otherstse if gaslol baler main system used for waler hedting, (217w = value calculaded for each month wsing equation (8) inseclion 92,1
olherstse if separate hot water oy healer (including immersion ) (217}, = applicable value from Table 4a
otherstse (other main systam 1 or 2 used for water heafing) (217} = 216
(217=[217) [l217e Jer7e Tz J2ims Jery 2y J2ime J2re J2tnw Jimw [ | {217)
Fued for water heating, KWhimonth
{219} = B4)n = 100 + (217
2190 219} [ 219 [@5p [219) [219s Jizess [219r [i219n Ji21se 2190 [i219)0 Ji219pe

Total = E(21%ah 2= (219)

(for a DHW-only community scheme wse (305), (306) and (310a) ar 2100, with (304ak=1.0 or (304b)=1.0, insfead af'[z".l!il_:-
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Space cooling
Space cooling fusd, KW himorth
(221 = (107} (208)

e [T T [ Tzt [ 221y [(221ap] [ 1 |
Totd = Z{2H ) p= (Z21)
Annual totals KWhiyear  KWhiyear
Space heating fuel used, main system 1 {211)
Space heating fuel used, main system 2 {213)
Space heating fuel used, secondary {215)
Water heating fuel used {219)
Space cooling fuel used (if them s 2 fned cooling systam, if nof enter () (221)
Electricity for pumps, fans and electric keep-hot (Table 4f;
mechanical venilafion fans - balanced, extradt or positive input from oulside {230a)
warm air heating system fans {230b)
cenfral heafing pump or water pump within warm air heating unit {230c)
oi boder pump (2304}
boder fue fan (230e)
maintaining electic kesp-hot faciity for gas combi boder {230f)
pump for solar water hesting (230g)
pump for siorage WWHRS (see section G1.3) {230h)
Total electricty for the above, KWhiyear sum of (Z30a),..(2300) = {231)
Electricity for lighting (calcuated in Appendic L) |:| (239
Energy saving/generation technologies (Appendices M N and O
Electricity generated by PV's (Appendix M) (negative quantty) (233)
Eleciricity generated by wind furbine (Appendi: M) (negafive quantly) (£34)
Eleciricity wsed or net ebectricly generaled by micre-CHP (Appendi: N) inegative if net generafion) {235)
Electricity generated by hydro-electric generstor {Appendi: M} (negative quantity) (235a)
Appendb: Q items: annual enengy (Rems not already ind uded on a monthily basis) Fual KWhiyear
Appendix O, <item 1 descripiion>
ency saved or generated (enler as negalfive quanity) {238a)
enen)y used (posifive quanity) (237a)
Appandi: O, <item 2 descripion:
enemy saved or generated (enler as negative quanfiy) {236Db)
enexy used (posifve quanfty) (237h)
(continue fhis isf if addifional Bems)
Total delvered enegy for all uses (@1).(221) #(231) +@32)..(2870)= [ [i23)
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10a. Fuel costs - Individual heating systems including micro-CHP
Fusl

Fuel price Fuel cost
KWhiyear {Table 12} Elyear
Space heating - main system 1 {11) " ]:[ % 0,01 = |:[{?dc-}
Space heaing - main system 2 (213) « [ ] wee= [ i
Space heating - secondary @8 o« [ ] xom= [ i)
Waler heating (slectric off:peak taff)
High-rate fracSon (Table 13, or Appendix F for dectric CPSU) (243
Lowerate fraction 10 -(243) = (244)
High-rate cost (219) « (243) = % 0.01= {245)
Low-raie cost (15) = (244) = «0.01= (248)
Water heating cost {other fuel) (219) ¥ ]:| “0.01 = |:[{24?}
(fara OHW-anly communify scheme use (3428) or (3420) instead of (247)
Space coaling {221} « [ ] wxem= [ @
Pumps, fans and electric keep-hot (231) < [ ] wem= [ Jl9
(if affpeak fanff st each of (230a) to (230g) separtely as appicable and apply fuel price according fo Table 123
Enengy for ightng (232) « [ ] wem= [ =0
Additional standing charges (Table 12) [ Tesn
Enemy saving/genamstion technologies {#33) to (235a) as applicable, wpeat line (252) a3 needed
<description> oned (233l (2388) « [ | wx001= [ (252)
Appendix O tems:  repeat ines (253) and (234) asneeded
<descriplion=, ensngy saved ongof (236ajete = «0.01= (253)
<desoription>, energy used oneof (237a)etc  « «0.01= (254)
Total enemy cost (240)..(242) +(245)...(254)= [ ](2585)
11a. SAP rating - Individual heating systems including micro-CHP
Energy cost defator (Table 12); [ 04z (25
Energy costfactor (ECF) [(255)« (256) + (4)+450= [ ]i250)
SAP rating (Secson 13) [ Tessy
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12a. CO; emissions - Individual heating systems including micro-CHP

Enengy Emission facior Emissions
K\Whyear kg COoRWh kg COulyear

Space heafing - main system 1 ey x| [= | | (281
Space heating - main system 2 213) < | = | | (262)
Space heafing - secondary @ms o« | | = | | (283)
Enenyy for water heating 219) o [= | | (284)
{far & DHW-only communily scheme use (261) fa (272 instead of [264)
Space and waler heafing (261)+(262)+ (263)+(284) = [ | (269)
Space cogling @y k] = | | (268)
Eleciricly for pumps, fans and el echric keep-hot Z3) | [= | | (267)
Electricly for lighting 232) ] = | | (Z68)
Enenyy savinglgenerafion lechnologies {233) to (235a) as applicable, repeat line (259) a3 needed

=descripon= oneof (233)to 235a) x| = | | (268)
Appendi: Qitems  repeat fines (Z70) and (271) &3 neaded

<desgrpbon, enany saved one of (F36a) eto ¥ = {270}

<gdesriphon=, eneny used * one of (237a) elc ® = {27T1)

* where the item is concemed only with GO0 emissions uss the ght-hand column only,

Total COx, kglyear smof (285).(271) = [ ](272)
Dwelling CO; Emission Rate @+m= [ |em
El rafing {secton 14) [ e

13a. Primary enengy - Individual heating systems including micro-CHP
Same as 12a using primary enexy factor instead of CO» emission factor to give primary enengy in KiWh/year
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Community heating

Gh. Enemgy requirements - Community heating scheme
This partis wsed for space heating, space cooling or water heating prowded by 8 communify scheme.

Fraction of space heat from secondany/supplementary heating (Table 11) 0" if none B01)

Fraction of space heat from communty system 1-(30)= {302)

The communty scheme may obtain heaf from several sowrces. The poosdure aliows for CHP and up fo four offer hed soures; e idfer

inciudes balers, heat pumps, geotharmal and waste heat from power stafions. See Appendix C

Fraction of heat from community CHP da)

Fraction of community heat from heatsource 2 {fracbons obfained from [0L)

Fraction of community heat from heat source 3 mﬁmﬂ;ﬁ:ﬂ i)

Fraction of community he:at from heat sourcs 4 mjfnﬁmmj {03d)

Fraction of community heat from heat source 5 03e)

Fraction of totd space hed from community CHP (302) = (303a) = [da)

Fraction of tofd space hed from community heat soute 2 <descripfion= (302) = (303) = A04b)

Fraction of totd space hed from community heat sowce 3 <descripiion> (302) = (303c) = Bldc)

Fraction of totd space hed from community heat sowce 4 <descripfion> (302) = (3034} = B0ad)

Fraction of tofd space hed from communily heat sowrce 5 <descripfion> (302) = [303e) = Alde)

Facior for contel and changing method (Table 4c(3)) for community space heafing {B05)

Factor for changing method (Table 40(3)) for communly water heating [05a)

Distribution loss factor (Table 12¢) for community heating sysiem [ eos

Space heating kWhivear

Annual space heating requirement (98)

Space heat from CHP {98} = (M4a) = (305) » (306 = (307a)

Space heat from heat sownce 2 (98) » (304b) = (305) = (306) = {307)

Space hest from hest source 3 (98) = (30dc) = (205) = (306) = (307¢e)

Space heat from heat source 4 (98) = (304d) » (305) = (306) = (307d)

Space heat from heat source 5 (98) = (30de) « (I05) = (306 = {307e)

Efficency of secondanysupplementary haating syatem in % (fom Table 48 or Appandix £) {308)

Space heating fuel for secondary Supplamentary system (98) = (301) = 100 + (308)= | {304)

Water heating

Annusl waler hasting requiremeant (84)

If DHW from community scheme:
Waler heat from CHP (B4} = {303a) = (305a) = (306)= (3108)
Waler heat from heat source 2 (B4} = {303b) = (305a) = (306)= {3106}
Waler hea from heat spurce 3 [64) « (303c) » (305a) « [06) = {310¢)
Waler heat from hest source 4 (64) = (3034) = (305a) » (306) = {3104)
Water heat from heat source 5 (B4} = {303e) = (305a) = (306)= (310e)

If DHW by mmession or instantaneous heater within dwelling:

Efficiency of water heater [ ] {311)

Water heated by immersion o instantaneous heaer B4 2100+ 3= [ ez
Electricity used for heat distribution 001 *[(307a)...(307e) + (310a)..(310e)] = [ | [313)
Cooling Systam Enegy Effciency Ratio L1 (314)
Space cooling (i thew is a fied cooling sysiem, if notenter 0 =)=y = [ 315
Electricity for pumps and fans within dwelling (Table 41}

mechanical ventlaion - badanced, extract or posifive input fram oulside {330a)
wianm air heating system fans {330b)
pump for solar waler heting (330g)
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pump for storage WWHRS (see section G3.3)

Total electricity for the above, KWhfyear
Electricity for lighting (calcusted in Appendi: L)
Energy saving/generation technologies (Appendices M and Q)
Electricity generated by PVs (Appendix M) (negative quantty)
Electricity generated by wind urbine (Appendix M) (negafive quantly)
Electricity generated by hydro-slectric generator (Appendix M) (negative quartity)
Appendbe Q ltems: annual enengy (items not already induded on a monthly basis)
Appendix Q, <item 1 descripion=>

encgy saved or generated (enfer as negalive quanity)

encxy used (posifive quanity)
Appendix O, <itam 2 descripion>

eney saved or genarated (enter as negafive quanty)

enexqy used (posifive quantty)
{continue this lisf if additional ilams)
Total defivered encry for all uses

(#308) +

(#30n)

o+ (1300 =

Fuel

L (331
|

(53

(334)

(333a)

Wi hiyear

(338a)

(3373

(336b)

(337t}

(307} + (308) + (310) + (312) + (315) +(331) +({332)...{2370) = ]:[{m;
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10b. Fuel costs - Community heating scheme
Heat or fusd required Fusl price

kWhiyear (Table 12)
Space heafing fiom CHP {307a) " 0.1 =
Space heafing from heat source 2 {307) :-c =00 =
Gpace heafing from heat source 3 B07e) ® =001 =
Space heating from hest source 4 (307d) x x0.01=
Space heafing from heat source 5 {307e) ® =001 =
Space heafing (secondary) (308) < ] «0.01=
Water heating from CHP p1oa)  « 0,01 =
Waler hesting from heat source 2 G10b) ® =0 =
Water heating from heat source 3 {310¢) ® w001 =
Water haating from hesat source 4 B10d) ] x0.01=
Water heating from heat souroe 5 Aie) ] x0.01=
If water heated by immersion heater:
High-mte fraction (Table 13) (343}
Low-rate fraction 1.0 - (343) = (244}
Fusl price
High-mte cost, or cost for singe immersion (312) = (343) = =0.01=
Low-rate cost B2} = (344) = =00 =
If weler heated by inslantancous waler heater (312) * |:| =0.01=
Space cooling {community cooling system) {315) " |:| « 0.01=
Pumps and fans {331) = ] %0.01=
{if affpeak fanff 5 each of 32308 fo [230g) sepamtely as appicabie and apply fsel price according fo Tabie 128
Electricity for lighting {332) < ] =0.01=
Additional standing charges (Table 12)
Energy saving/genemstion technologies (333) to (335a) as applicable, wpeat line (152) as needed
<description> oneof (33)t0(335a) » [ | «001=
Appendix O bems:  repeat ines (253) and (259) as needed
<descriplion=, enengy saved one of l6a) ec = « 0=
«<descnption>, enegy used one of @3Tajekc =« 0=
Total enemy cost = (M0a)...(342e) +(345)...(354) =
11h. SAP mating - Community heating scheme
Enengy cost defator (Table 12):
Enengy cost factor (ECF) [{355) = (356)] + [{4)+45.0] =
SAP rafing (Secion 13)

Fusd cost
Efyear

(340a)
(340b)
{340
(340d)
(340e)

—

(342a)
(3420
(342c)
(342d)
(342e)

(343)
(346)

[
—
—

[ s
[ usy
[ Jesa

(353)
(354)

[ e

[ 04z Jps8
[ lesn
L Tes
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12h. COz Emissions - Community heafing scheme

0 from CHP (space and water heafing)  Omit (361) fo (366 if no CHP

Power efficency of CHP unit (eg. 23%) fom operalional records or design spec {381)
Heat dficiency of CHP unt fe.g. 50%) fiom opemtional recomls or design specification (362)
Enemy used  Emission factor G0 emission
kWhiyear kgCOalkiWh kgOOolyear
Space heafing from CHP {307a) « 100 - 362) = ® Mate A = {363}
less credit emissions for electnicty ={307a) x (361} + (@62) = w | MateB = {364y
Wailer hedled by CHP (310a) » 100 = (362) = ¥ Note A = (355)
less credit emissions for electricly {3104 = {351) = (362)= ® Mate B = (356)

Mote A: factor for CHP fuel Nofe B: factor for decincily generated by CHP

C 0y from ofher sources of 5 and water heating (nof C

Efficiency of heat source 2 %) If there is CHP using fwo fusls repeal (361) fo (366) for fhe second fusl {367b)
Efficiency of heat source 3 (%) {367¢)
Efficency of heat source 4 (%) (367d)
Efficiency of heat source 5 (%) [367e)
(02 associdled with heal source 2 H07E}+{3106)] = 100 = (3870} = = {368}
C0; associaed with heat source 3 H307c)+310c)] = 100+ (367c) = = (369)
0 associsted with hest source 4 F307dp{310d)] = 100 < (367d) = = {370)
002 associsted with hest source 5 H30Tel{310e)] « 100 + (367e) = = (371)

Electrical energy for heat distribution My = | | = | [ (372)

Total COx associated with community syslems (363)...0866) + (368).. [372) = {(373)

i If Is negafive sef (373) fo 2ero (unbess condbion in CF of Appendix C is mef) (373}

Space heafing (secondany) (09 = | | = | [ (374)

Water heating by immersion heater or instantaneous heater (@312) x| | = | | (375)

Totsl GO assodated with space and walsr hedting (373« (378 +(375) = [ | (378)

Spaoe cooling (315) = | | = | [ 3717)

Eleciricly for pumps and fans within dwelling {3« | = | [ (378)

Electricly for lighting @2 « | | = | | (379)

Enengy sa'!.in_og.‘gmaim technologies {333) 10 (334) as applicable, repeat line (180} as needad
<descripon> one of(333) o (334) x| [= ] | (380)

Appendix Qitems  repeat lines (381) and (382) as neaded
<gescripiion=, eneqy saved one of (335a) el ® = (381)
«gesoripfion>, eneny used one of 337a) elc ® = {382)

Total COy, kglyear smof (376)..4382) = [ ]{389)

Dwelling CO; Emission Rate e -@= [ |89

El rafing (secton 14)

13b. Primary energy - Community heating scheme

Same as 12b using primary enexy fadtorinsiead of C0: amission factor to give pimary eneny in KWhiyear

I
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APPENDIX C

Example of EPC XML File
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<?xml version="1.0" encoding="UTF-8"?>

<RdSAP-Report xsi:schemalocation="http://www.epcregister.com/xsd/rdsap
http://www.epcregister.com/xsd/RdSAP/Templates/RASAP-Report.xsd"
xmins="http://www.epcregister.com/xsd/rdsap”
xmins:xsi="http://www.w3.0rg/2001/XMLSchema-instance">
<Calculation-Software-Name>NHER EPC Online</Calculation-Software-Name>
<Calculation-Software-Version>9.0.0</Calculation-Software-Version>
<User-Interface-Name>NHER EPC Online</User-Interface-Name>
<User-Interface-Version>9.0</User-Interface-Version>
<Schema-Version-Original>L1G-17.0</Schema-Version-Original>
<SAP-Version>9.92</SAP-Version>
<PCDF-Revision-Number>385</PCDF-Revision-Number>
<Energy-Assessment>

<Property-Summary>

<Wall>

<Description language="1">Solid brick, as built, no insulation
(assumed)</Description>
<Energy-Efficiency-Rating>1</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>1</Environmental-Efficiency-Rating>
</Wall>

<Wall>

<Description language="1">Cavity wall, as built, insulated (assumed)</Description>
<Energy-Efficiency-Rating>4</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>4</Environmental-Efficiency-Rating>
</Wall>

<Roof>

<Description language="1">Pitched, no insulation (assumed)</Description>
<Energy-Efficiency-Rating>1</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>1</Environmental-Efficiency-Rating>
</Roof>

<Roof>

<Description language="1">Roof room(s), insulated (assumed)</Description>
<Energy-Efficiency-Rating>4</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>4</Environmental-Efficiency-Rating>
</Roof>

<Roof>

<Description language="1">Pitched, insulated (assumed)</Description>
<Energy-Efficiency-Rating>4</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>4</Environmental-Efficiency-Rating>
</Roof>

<Floor>

<Description language="1">Solid, no insulation (assumed)</Description>
<Energy-Efficiency-Rating>0</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>0</Environmental-Efficiency-Rating>
</Floor>

<Floor>

<Description language="1">Solid, limited insulation (assumed)</Description>
<Energy-Efficiency-Rating>0</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>0</Environmental-Efficiency-Rating>
</Floor>
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<Window>

<Description language="1">Fully double glazed</Description>
<Energy-Efficiency-Rating>3</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>3</Environmental-Efficiency-Rating>
</Window>

<Main-Heating>

<Description language="1">Boiler and radiators, mains gas</Description>
<Energy-Efficiency-Rating>4</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>4</Environmental-Efficiency-Rating>
</Main-Heating>

<Main-Heating-Controls>

<Description language="1">Programmer and room thermostat</Description>
<Energy-Efficiency-Rating>3</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>3</Environmental-Efficiency-Rating>
</Main-Heating-Controls>

<Hot-Water>

<Description language="1">From main system</Description>
<Energy-Efficiency-Rating>4</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>4</Environmental-Efficiency-Rating>
</Hot-Water>

<Lighting>

<Description language="1">Low energy lighting in 75% of fixed outlets</Description>
<Energy-Efficiency-Rating>5</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>5</Environmental-Efficiency-Rating>
</Lighting>

<Secondary-Heating>

<Description language="1">Room heaters, mains gas</Description>
<Energy-Efficiency-Rating>0</Energy-Efficiency-Rating>
<Environmental-Efficiency-Rating>0</Environmental-Efficiency-Rating>
</Secondary-Heating>
<Has-Hot-Water-Cylinder>false</Has-Hot-Water-Cylinder>
<Has-Heated-Separate-Conservatory>false</Has-Heated-Separate-Conservatory>
<Dwelling-Type language="1">Semi-detached house</Dwelling-Type>
<Total-Floor-Area>175</Total-Floor-Area>
<Has-Fixed-Air-Conditioning>false</Has-Fixed-Air-Conditioning>
<Multiple-Glazed-Proportion>100</Multiple-Glazed-Proportion>
</Property-Summary>

<Energy-Use>

<Energy-Rating-Current>58</Energy-Rating-Current>
<Energy-Rating-Potential>76</Energy-Rating-Potential>
<Environmental-Impact-Current>48</Environmental-Impact-Current>
<Environmental-Impact-Potential>68</Environmental-Impact-Potential>
<Energy-Consumption-Current>283</Energy-Consumption-Current>
<Energy-Consumption-Potential>165</Energy-Consumption-Potential>
<CO2-Emissions-Current>8.7</CO2-Emissions-Current>
<CO2-Emissions-Current-Per-Floor-Area>50</CO2-Emissions-Current-Per-Floor-Area>
<CO2-Emissions-Potential>5.1</CO2-Emissions-Potential>
<Lighting-Cost-Current currency="GBP">107</Lighting-Cost-Current>
<Lighting-Cost-Potential currency="GBP">107</Lighting-Cost-Potential>
<Heating-Cost-Current currency="GBP">1638</Heating-Cost-Current>
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<Heating-Cost-Potential currency="GBP">1105</Heating-Cost-Potential>
<Hot-Water-Cost-Current currency="GBP">114</Hot-Water-Cost-Current>
<Hot-Water-Cost-Potential currency="GBP">115</Hot-Water-Cost-Potential>
<Energy-Rating-Average>60</Energy-Rating-Average>
</Energy-Use>

<Suggested-Improvements>

<lmprovement>

<Sequence>1</Sequence>
<Improvement-Category>5</Improvement-Category>
<Green-Deal-Category>3</Green-Deal-Category>
<Improvement-Type>Q</Improvement-Type>
<Improvement-Details>
<Improvement-Number>7</Improvement-Number>
</Improvement-Details>

<Typical-Saving currency="GBP">407</Typical-Saving>
<Indicative-Cost>£4,000 - £14,000</Indicative-Cost>
<Energy-Performance-Rating>67</Energy-Performance-Rating>
<Environmental-Impact-Rating>59</Environmental-Impact-Rating>
</Improvement>

<Improvement>

<Sequence>2</Sequence>
<Improvement-Category>5</Improvement-Category>
<Green-Deal-Category>2</Green-Deal-Category>
<Improvement-Type>W2</Improvement-Type>
<Improvement-Details>
<Improvement-Number>58</Improvement-Number>
</Improvement-Details>

<Typical-Saving currency="GBP">63</Typical-Saving>
<Indicative-Cost>£4,000 - £6,000</Indicative-Cost>
<Energy-Performance-Rating>68</Energy-Performance-Rating>
<Environmental-Impact-Rating>61</Environmental-Impact-Rating>
</Improvement>

<Improvement>

<Sequence>3</Sequence>
<lmprovement-Category>5</Improvement-Category>
<Green-Deal-Category>3</Green-Deal-Category>
<Improvement-Type>G</Improvement-Type>
<Improvement-Details>
<Improvement-Number>13</Improvement-Number>
</Improvement-Details>

<Typical-Saving currency="GBP">64</Typical-Saving>
<Indicative-Cost>£350 - £450</Indicative-Cost>
<Energy-Performance-Rating>69</Energy-Performance-Rating>
<Environmental-Impact-Rating>63</Environmental-Impact-Rating>
</Improvement>

<lmprovement>

<Sequence>4</Sequence>
<Improvement-Category>5</Improvement-Category>
<Green-Deal-Category>2</Green-Deal-Category>
<Improvement-Type>U</Improvement-Type>
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<lmprovement-Details>
<Improvement-Number>34</Improvement-Number>
</Improvement-Details>

<Typical-Saving currency="GBP">262</Typical-Saving>
<Indicative-Cost>£5,000 - £8,000</Indicative-Cost>
<Energy-Performance-Rating>76</Energy-Performance-Rating>
<Environmental-Impact-Rating>68</Environmental-Impact-Rating>
</Improvement>

</Suggested-Improvements>

<Green-Deal-Package>

<Green-Deal-Improvement>
<Improvement-Type>Q</Improvement-Type>
<Improvement-Number>7</Improvement-Number>
</Green-Deal-Improvement>

<Green-Deal-Improvement>
<lmprovement-Type>G</Improvement-Type>
<Improvement-Number>13</Improvement-Number>
</Green-Deal-Improvement>

<Electricity-Saving currency="GBP">0</Electricity-Saving>
<Gas-Saving currency="GBP">474</Gas-Saving>
<Other-Fuel-Saving currency="GBP">0</Other-Fuel-Saving>
</Green-Deal-Package>

<Renewable-Heat-Incentive>
<Space-Heating-Existing-Dwelling>30803</Space-Heating-Existing-Dwelling>
<Impact-Of-Loft-Insulation>-3769</Impact-Of-Loft-Insulation>
<Impact-Of-Solid-Wall-Insulation>-9037</Impact-Of-Solid-Wall-Insulation>
<Water-Heating>2334</Water-Heating>
</Renewable-Heat-Incentive>

</Energy-Assessment>

<SAP-Data>

<SAP-Property-Details>

<Property-Type>0</Property-Type>

<Built-Form>2</Built-Form>
<Multiple-Glazed-Proportion>100</Multiple-Glazed-Proportion>
<Multiple-Glazing-Type>3</Multiple-Glazing-Type>
<PVC-Window-Frames>true</PVC-Window-Frames>
<Glazing-Gap>16+</Glazing-Gap>
<Extensions-Count>1</Extensions-Count>
<Glazed-Area>1</Glazed-Area>

<Door-Count>2</Door-Count>
<Insulated-Door-Count>0</Insulated-Door-Count>
<Percent-Draughtproofed>100</Percent-Draughtproofed>
<Habitable-Room-Count>7</Habitable-Room-Count>
<Fixed-Lighting-Outlets-Count>16</Fixed-Lighting-Outlets-Count>
<Low-Energy-Fixed-Lighting-Outlets-Count>12</Low-Energy-Fixed-Lighting-Outlets-
Count>

<Measurement-Type>1</Measurement-Type>
<Mechanical-Ventilation>0</Mechanical-Ventilation>
<Open-Fireplaces-Count>0</Open-Fireplaces-Count>
<Solar-Water-Heating>N</Solar-Water-Heating>

192



<Conservatory-Type>1</Conservatory-Type>
<SAP-Building-Parts>

<SAP-Building-Part>
<Building-Part-Number>1</Building-Part-Number>
<Construction-Age-Band>B</Construction-Age-Band>
<Wall-Construction>3</Wall-Construction>
<Wall-Insulation-Type>4</Wall-Insulation-Type>
<Wall-Thickness-Measured>Y</Wall-Thickness-Measured>
<Wall-Thickness>230</Wall-Thickness>
<Wall-Dry-Lined>N</Wall-Dry-Lined>
<Party-Wall-Construction>0</Party-Wall-Construction>
<Roof-Construction>4</Roof-Construction>
<Roof-Insulation-Location>4</Roof-Insulation-Location>
<Floor-Heat-Loss>7</Floor-Heat-Loss>

<SAP-Floor-Dimensions>

<SAP-Floor-Dimension>

<Floor>0</Floor>

<Floor-Construction>1</Floor-Construction>
<Floor-Insulation>1</Floor-Insulation>

<Heat-Loss-Perimeter quantity="metres">22.9</Heat-Loss-Perimeter>
<Total-Floor-Area quantity="square metres">65.4</Total-Floor-Area>
<Room-Height quantity="metres">2.7</Room-Height>
<Party-Wall-Length quantity="metres">12.34</Party-Wall-Length>
</SAP-Floor-Dimension>

<SAP-Floor-Dimension>

<Floor>1</Floor>

<Heat-Loss-Perimeter quantity="metres">25.81</Heat-Loss-Perimeter>
<Total-Floor-Area quantity="square metres">65.13</Total-Floor-Area>
<Room-Height quantity="metres">2.66</Room-Height>
<Party-Wall-Length quantity="metres">12.29</Party-Wall-Length>
</SAP-Floor-Dimension>

</SAP-Floor-Dimensions>

<SAP-Room-In-Roof>

<Floor-Area quantity="square metres">22.89</Floor-Area>
<Construction-Age-Band>I</Construction-Age-Band>
<lInsulation>AB</Insulation>
<Roof-Room-Connected>N</Roof-Room-Connected>
</SAP-Room-In-Roof>
<Roof-Insulation-Thickness>ND</Roof-Insulation-Thickness>
<ldentifier>Main Dwelling</ldentifier>
<Wall-Insulation-Thickness>NI</Wall-Insulation-Thickness>
</SAP-Building-Part>

<SAP-Building-Part>

<ldentifier>Extension</ldentifier>
<Building-Part-Number>2</Building-Part-Number>
<Construction-Age-Band>I</Construction-Age-Band>
<Wall-Construction>4</Wall-Construction>
<Wall-Insulation-Type>4</Wall-Insulation-Type>
<Wall-Thickness-Measured>Y</Wall-Thickness-Measured>
<Wall-Thickness>290</Wall-Thickness>
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<Party-Wall-Construction>NA</Party-Wall-Construction>
<Roof-Construction>5</Roof-Construction>
<Roof-Insulation-Location>4</Roof-Insulation-Location>
<Floor-Heat-Loss>7</Floor-Heat-Loss>

<SAP-Floor-Dimensions>

<SAP-Floor-Dimension>

<Floor>0</Floor>

<Floor-Construction>1</Floor-Construction>
<Floor-Insulation>1</Floor-Insulation>

<Heat-Loss-Perimeter quantity="metres">17.16</Heat-Loss-Perimeter>
<Total-Floor-Area quantity="square metres">21.1</Total-Floor-Area>
<Room-Height quantity="metres">2.4</Room-Height>
<Party-Wall-Length>0</Party-Wall-Length>

</SAP-Floor-Dimension>

</SAP-Floor-Dimensions>
<Roof-Insulation-Thickness>ND</Roof-Insulation-Thickness>
<Wall-Dry-Lined>N</Wall-Dry-Lined>
<Wall-Insulation-Thickness>NI</Wall-Insulation-Thickness>
</SAP-Building-Part>

</SAP-Building-Parts>

<SAP-Heating>
<Secondary-Heating-Type>603</Secondary-Heating-Type>
<Secondary-Fuel-Type>26</Secondary-Fuel-Type>
<Water-Heating-Code>901</Water-Heating-Code>
<Water-Heating-Fuel>26</Water-Heating-Fuel>
<Cylinder-Size>1</Cylinder-Size>
<Has-Fixed-Air-Conditioning>false</Has-Fixed-Air-Conditioning>
<Main-Heating-Details>

<Main-Heating>

<Main-Heating-Number>1</Main-Heating-Number>
<Main-Heating-Fraction>1</Main-Heating-Fraction>
<Main-Heating-Category>2</Main-Heating-Category>
<Main-Fuel-Type>26</Main-Fuel-Type>
<Main-Heating-Control>2104</Main-Heating-Control>
<Main-Heating-Data-Source>1</Main-Heating-Data-Source>
<Main-Heating-Index-Number>015166</Main-Heating-Index-Number>
<Boiler-Flue-Type>2</Boiler-Flue-Type>
<Fan-Flue-Present>Y</Fan-Flue-Present>
<Central-Heating-Pump-Age>0</Central-Heating-Pump-Age>
<Heat-Emitter-Type>1</Heat-Emitter-Type>
<Emitter-Temperature>0</Emitter-Temperature>
<Has-FGHRS>N</Has-FGHRS>

</Main-Heating>

</Main-Heating-Details>

<Instantaneous-WWHRS>
<Rooms-With-Bath-And-Or-Shower>2</Rooms-With-Bath-And-Or-Shower>
<Rooms-With-Mixer-Shower-No-Bath>1</Rooms-With-Mixer-Shower-No-Bath>
<Rooms-With-Bath-And-Mixer-Shower>0</Rooms-With-Bath-And-Mixer-Shower>
</Instantaneous-WWHRS>
<Immersion-Heating-Type>NA</Immersion-Heating-Type>
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</SAP-Heating>

<SAP-Energy-Source>
<Wind-Turbines-Count>0</Wind-Turbines-Count>
<Wind-Turbines-Terrain-Type>2</Wind-Turbines-Terrain-Type>
<Meter-Type>2</Meter-Type>
<Mains-Gas>Y</Mains-Gas>
<Photovoltaic-Supply>

<None-Or-No-Details>
<Percent-Roof-Area>0</Percent-Roof-Area>
<PV-Connection>0</PV-Connection>
</None-Or-No-Details>

</Photovoltaic-Supply>

</SAP-Energy-Source>
<Heated-Room-Count>7</Heated-Room-Count>
<Low-Energy-Lighting>75</Low-Energy-Lighting>
</SAP-Property-Details>

</SAP-Data>

<Report-Header>
<RRN>9705-2843-7926-9405-0975</RRN>
<Inspection-Date>2015-12-07</Inspection-Date>
<Report-Type>2</Report-Type>
<Completion-Date>2015-12-08</Completion-Date>
<Registration-Date>2015-12-08</Registration-Date>
<Status>entered</Status>
<Language-Code>1</Language-Code>
<Tenure>1</Tenure>
<Transaction-Type>5</Transaction-Type>
<Property-Type>0</Property-Type>
<Energy-Assessor>

<Notify-Lodgement>N</Notify-Lodgement>
<Contact-Address>

</Contact-Address>
<Scheme-Web-Site>www.nesltd.co.uk</Scheme-Web-Site>
<E-Mail>epc@evolvepartnership.co.uk</E-Mail>
<Telephone>02392200598</Telephone>
<Company-Name>Evolve Partnership Limited</Company-Name>
<Scheme-Name>NHER</Scheme-Name>

<ldentification-Number>

</Identification-Number>
</Energy-Assessor>
<Property>

<Address>
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</Property>

<Region-Code>6</Region-Code>

<Country-Code>EAW</Country-Code>

<Related-Party-Disclosure>
<Related-Party-Disclosure-Number>1</Related-Party-Disclosure-Number>
</Related-Party-Disclosure>

</Report-Header>

<Insurance-Details>

<Insurer>Hiscox</Insurer>

<Policy-No>HU P16 1784443/1785588</Policy-No>
<Effective-Date>2011-12-01</Effective-Date>
<Expiry-Date>2016-01-31</Expiry-Date>

<PI-Limit>1000000</PI-Limit>

</Insurance-Details>
<ExternalDefinitions-Revision-Number>5.0</ExternalDefinitions-Revision-Number>
</RdSAP-Report>

196



APPENDIX D

Equivalent Internal Boundary Conditions
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Equivalent Internal Boundary Conditions

The modelling dataset does not include any details on the internal boundary
conditions of the dwellings. EPCs are calculated based on SAP guidelines for
estimating internal heat gains, losses and heating temperatures. Table 5 of
SAP 2012 (SAP, 2012) identifies seven sources of internal heat gain:
metabolic, lighting, appliances, cooking, losses, water heating and heat gains
from pumps and fans in the heating system. For the RADEM, the heating
system, set-point temperatures and heating periods were all taken from
Table 9 of SAP 2012 (SAP, 2012).

Metabolic Gains

Following the method described in SAP (SAP, 2012), the number of
occupants and the resultant metabolic gains were calculated from the floor

area (Equation D1):
N =1+ 176 X [1—exp(—0.000349 x (TFA — 13.9)?)] D1

+ 0.00013 x (TFA — 13.9)

Where N is the number of occupants, TFA is the total floor area of the
dwelling. This equation gives a non-integer number for the assumed number

of occupants.

Knowing the number of occupants, the metabolic gains were estimated from
Equation D2 (Table 5 SAP 2012).

Metabolic Heat Gains = 60 X N Watts D2

The above equation gives the average metabolic gain in watts (W) for the

entire dwelling.
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Lighting Gains

The calculation of lighting use was based on the proportion of fixed low
energy lighting outlets installed, and on the contribution of daylight as
described in Appendix L of SAP 2012. The average annual energy
consumption for lighting (Eg) if no low-energy lighting is used can be derived
from Equation D3 based on total floor area (TFA) and the number of
occupants (N) (SAP, 2012):

Eg = 59.73 X (TFA x N)°%471%  kwWh/year D3

Appendix L SAP 2012 gives two correction factors: Ci to take account of

fixed lighting outlets with low-energy lamps, as shown in Equation D4:

Where L; ¢ is the number of fixed low energy lighting outlets and C2 to take

account of daylighting, as shown in Equations D5 and D6:

C,=522G,>—9.94G, + 1.433  if G,<0.095 D5
C, = 0.96 if G;> 0.095 D6

Where G, is calculated from Equation D7:

ZZO.9><AW><gL><FF><ZL D7
TFA

G

Where FF is the frame factor, taken as 0.7 for all dwellings, Awis the window
area, g.is the light transmittance factor taken as 0.80 for all dwellings and Z.

is the light access factor taken as 0.83 for all dwellings.

The correction factors were then used to calculate the annual energy used

for lighting (EL) from Equation D8:
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EL == EB X Cl X CZ kWh/year D8

The monthly lighting energy use in kWh then can be derived from Equation
D9:

Eym=E X[1+0.5Xcos (W)] X n,, /365 kWhl/year D9

Where nm is number of days in month m. The associated internal heat gain

for each month in watts then becomes (Equation D10):
Gym = Epm X 0.85%x1000/(24 X n,,) Watts/month D10

The factor 0.85 is an allowance for 15% of the total lighting usage being

external to the dwelling.

Following this method, the average heat gains from lighting were calculated
for each month of the year. These values were used in the RADEM to create
equivalent lighting gains in the dynamic simulation. The gains were
proportioned between zones based on the ratio of the floor areas. To keep
the model simple, no diurnal pattern was included; rather the gains were

assumed to be spread evenly over the day.

Appliances Gains

Similar to lighting gains, electrical appliances gains were derived from their

annual energy consumption (Ea) in KWh using equations D11 from SAP 2012:

E, = 207.8 x (TFA x N)%471*  Kkwh/year D11

The annual energy consumption of appliances is a function of total floor area
(TFA) and number of occupants (N) in each dwelling. The annual
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consumption then was spread over 12 months of year by equation D12 after
SAP 2012:

Eam = Ex % [1+0.157 x cos (2272 5 n,, /365 KiWhiyear D12

Where nm is the number of days in month m. From monthly energy
consumption of appliances, the corresponding monthly heat gains were
calculated as shown in D13 after SAP 2012:

Gam = Egm X 1000/(24 X n,,) Watts/month D13

The resulting values were used in the RADEM to model equivalent appliance
gains. The gains were proportioned between zones based on the ratio of the
floor areas. To keep the model simple, no daily pattern was included; rather

the gains were assumed to be spread evenly over the day.

Cooking Gains

Cooking gains were estimated based on assumed number of occupants, as
shown in equation D14 after SAP 2012:

Cooking Heat Gains = 35+ 7 X N Watts D14

In the RADEM, the cooking gains were assigned to the ground floor zone

only and were assumed to be spread evenly over the day.

Heat Losses

Table 5 SAP 2012 also includes a heat loss factor which comprises heat to
incoming cold water and evaporation. This factor was calculated based on
number of assumed occupants from Equation D15Error! Reference source

not found.:
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Heat Losses = —40 X N Watts D15

These losses were considered in dynamic simulation as reductions to the

overall internal heat gains in each dwelling.

Infiltration and ventilation

Infiltration was modelled explicitly in the RADEM. In the absence of any
airtightness pressure test data in the reduced dataset, the SAP algorithm was
used to calculate the infiltration rate based on the information on chimneys,
fans, open flues and passive vents, available in the modelling dataset. The
associated infiltration rate was calculated based on quantity of each item
present in the dwellings and the associated ventilation rates, as shown in

following Table.

A further infiltration rate of 0.1 ACH for two storey dwellings; and 0.35 ACH
for masonry construction was added to dwellings’ model as specified by SAP
2012.

Ventilation rates of chimneys, open flues, intermittent extract fans, passive vents
and flueless gas fires required to calculate infiltration rate of dwellings (recreated
from Table 2.1 (SAP, 2012))

Item Ventilation rate m3/hour
Chimney 40
Open flue 20
Intermittent extract fan 10
Passive vent 10
Flueless gas fire 40

Since no information was available on number of sheltered sides for
dwellings, two partially and one full sheltered sides was assumed for all

dwellings. It was assumed that the dwellings were sheltered from one side
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due to presence of adjacent buildings and partially sheltered due to the
buildings on the front and back of the dwellings. The two partially sheltered
sides (front and back) were counted as one sheltered side after SAP 2012
Section 2.5 guidelines (SAP, 2012). The corresponding shelter factor was
calculated based on two sheltered sides from Equation D16 after SAP 2012:

Shelter factor =1 —[0.075 X (sheltered sides)] D16

The infiltration rate for each dwelling, as modified by the shelter factor, was
used as the infiltration rate of the building envelope in EnergyPlus, using the
scheduled natural ventilation option. Any ventilation from window opening
was not included in RADEM.

Space Heating

All dwellings in the modelling dataset had a gas powered central heating
system with a programmer and room thermostat to control it. For the RADEM,
the heating system was modelled using DesignBuilder's simple HVAC option
with a condensing combination boiler and the resulting IDF was used in the

template IDF (see Section 6.2.1) for all dwellings.

DesignBuilder provides three options to model heating systems
(Designbuilder, 2015):

I.  Simple: where heating system is modelled using ideal loads.
ii.  Compact: where heating system is modelled parametrically.

iii. Detailed: where heating system is defined in detail with each
component placed on a schematic diagram and connected to other

components using air and water flow networks.
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Considering the limited amount of data available in the modelling dataset, the
simple option was the most suitable. EnergyPlus then auto-sizes the system

in order that it provides enough heat to meet the requirements of each zone.

Heating set-point temperatures were derived from the guidelines in Table 9
SAP 2012 with 21°C in the living area and a lower temperature for elsewhere
in the dwelling which was calculated from the Heat Loss Parameter (HLP) as
shown in Equation D17:

T, =21—-0.5XHLP C D17

Where T is the heating set-point of elsewhere in the house.

The HLP is calculated from the heat loss coefficient of the whole dwelling
divided by the floor area as shown in the SAP worksheet (version 9.92)
section 3 (SAP, 2012).

Since the dwellings in RADEM were modelled with different heating zones to
SAP (ground floor and first floor as explained in Section 4.3), the set-point
temperature for each of the zones was calculated from a floor area weighted
average. The living room area was estimated using the same method as SAP
by using the number of habitable rooms as shown in following Table. It was
assumed that the living room was located on ground floor in all dwellings and
floor area averaged heating temperature set-points were derived based on

the fraction of living area to ground floor area.

Living area fraction based on number of habitable rooms (re-created from Table S16
(SAP, 2012))

Number of rooms 1 2 3 4 5 6 7 8

Living area fraction | 0.75| 0.50 | 0.30 | 0.25 | 0.21 | 0.18 | 0.16 | 0.14

Heating periods in the RADEM were assigned based on Table 9 SAP 2012:
07:00 to 09:00 and 16:00 to 23:00 on weekdays; and 07:00 to 23:00 on

weekends. This was the same for all dwellings.
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