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ABSTRACT

The UK Government has placed the need to reduce national energy demands and

carbon emissions at the forefront of the political agenda, with a commitment made to

meet EU targets of 20% reductions in greenhouse gas emissions and primary energy

consumption, alongside a 20% improvement in overall energy efficiency, across all EU

Member States, by 2020.

Building performance has been identified as a key area where significant progress

towards meeting these ambitions can be made. It is fundamental to ensure that the

building fabric of a property functions correctly in order to achieve high levels of

thermal effectiveness, which should result in lower energy demands and carbon

emissions. However, research to date shows that a gap exists between predicted and

actual performance levels.

This research utilises the dwelling Heat Loss Coefficient (HLC) as a common output in

design stage and post-construction evaluation techniques, that can be used to compare

predicted and measured fabric performance. The Standard Assessment Procedure

(SAP), coheating tests, air pressure tests and thermal imaging are used to evaluate in-

situ buildings. Sensitivity analysis and controlled conditions experiments are utilised in

order to investigate the reliability of the assessment techniques used.

The key findings from the study include the demonstration, through novel coheating

test, that post-installation mechanically ventilated heat recovery (MVHR) system

efficiency levels can have a pronounced effect on the measured HLC, and, in

conjunction with use of assumed theoretical efficiency levels, can cause divergence in

theoretical and measured data of 10-15%. This can largely be resolved through correct

design, installation and commissioning. Environmental conditions, both notional and

site-specific, can also cause divergence in the HLC data, including wind speed (15%) and

solar gains (10-26%). In addition, it has been shown that, when considering thermal

bridging values, inaccurate calculation at the design-stage and poor attention to detail

during construction could cause underperformance in this element by up to 50%. This

is of significance as there are currently no mandatory procedures to assess post-

construction compliance with thermal bridging levels specified within the UK Building

Regulations.
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INTRODUCTION

At some points in life, reality does not always correspond with expectations.

Often, this merely leads to disappointment and there are no far-reaching

consequences. However, in the case of building design and construction, the

impact of underperformance in terms of energy efficiency and carbon emissions

can have repercussions at an individual building, national and international level.

A Light-Hearted Example of a Divergence Between Design and Construction Expectations

Source Data: (Nathaniel Lichfield & Partners, 2012, web)

Consider the energy demand of the standard UK home. This is not an

insignificant amount, at an average single-rate electricity consumption and cost

of 4226 kWh and £510 per year per dwelling (Department of Energy and

Climate Change (DECC), 2013b; 2013e web data). It is the equivalent of

approximately 111,140 million kWh and £13,410 million when multiplied by the

estimated 26.3 million occupied homes in the UK today (Utley et al., 2012, p. 6).

There can be little doubt that reducing the energy demand and carbon

emissions of housing can make a considerable contribution to achieving EU
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targets of 20% reductions in energy consumption and carbon emissions by 2020

(European Commission, 2013a).

Evidence presented in several studies suggests that a gap currently exists

between the design-stage and post construction performance of dwellings

(Bordass et al., 2004; Bordass et al., 2001; Demanuele et al., 2010; Technology

Strategy Board, 2011; Zero Carbon Hub, 2010, 2013b) . Research shows that

measured energy demand and fabric efficiency can exceed predicted values by

between 5% and in excess of 100% (Stafford, A. et al., 2012, p. 8), depending on

dwelling type and construction materials/methods used. Whilst actual energy

consumption data from utility bills can be compared to calculated energy usage

generated by modelling software, this may not consider some of the aspects

relating to the fundamental function of the physical building.

Occupant behaviour will affect the level of energy used within a home, yet this

is directly influenced by factors connected to the way the property reacts to the

external environmental and user intervention in systems such as heating and

lighting. Space heating is the largest single contributing factor within domestic

carbon emissions, accounting for up to 66% of all energy usage in the average

UK home (Department of Energy and Climate Change (DECC), 2013a). Therefore,

if the level of heating requirement can be reduced then some progress towards

Government targets may be made.

Improving the fabric performance of both new-build and existing dwellings,

through increased airtightness and thermal enhancements (such as insulation

and high quality glazing) can result in lower energy demands. This, in turn, could

potentially lead to reduced energy consumption and lower carbon emissions,

thus contributing greatly to the achievement of the Government’s targets.

Within design stage housing energy models, such as the UK Government

endorsed Standard Assessment Procedure (SAP), the Heat Loss Coefficient (HLC)

provides the first indication of the thermal performance of a dwelling. This is a

measurement in W/K representing the energy (W) required to heat a building
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per degree of difference in temperature between the internal and external

Wﾐ┗ｷヴﾗﾐﾏWﾐデ ふлT ｷﾐ Kぶ ふWｷﾐｪaｷWﾉSが Jく が ヲヰヱヱが ヮく ンぶく Iデ ヮヴWゲWﾐデゲ ; SｷヴWIデ ｷﾐSｷI;デｷﾗﾐ 

of the fabric and thermal effectiveness of a dwelling.

Following the construction of a house, a number of techniques can be used to

evaluate physical performance. These include air pressurisation tests, thermal

imaging surveys, in-situ measurement of heat flows/u-values associated with

individual building elements, and whole house heat losses. The coheating test is

most commonly used to investigate the last of these aspects, and the

calculation of a post-construction HLC forms the final output of the experiment

and subsequent data analysis. This value can be compared to the HLC obtained

from the theoretical SAP model, in order to assess the actual fabric

performance of a property as compared to design-stage expectations.

The ability of the SAP methodology to provide a true indication of predicted

performance has been questioned, due to uncertainty as to the

appropriateness of the assumptions and embedded data/calculations within the

energy assessment model. The quality of available input data, and the level of

skill and understanding of assessors relating to the impact that different

selected options may have on final outputs, may also affect the resultant data.

(Association for Environmentally Conscious Building (AECB), 2008; MacDonald,

2002; Menezes et al., 2012; Quigley, 2010; Zero Carbon Hub, 2013a).

This issue is compounded by uncertainty regarding the accuracy and reliability

of information obtained through use of post-construction testing techniques.

Whilst a certain level of mandatory testing is required to meet Building

Regulations compliance in the form of a standardised procedure for air

pressurisation testing, at present this provides the sole compulsory validation

that a property performs to design-stage standards. Even then, assessment by

this means is limited to a small sample of dwellings within a larger development.

In more comprehensive studies, the coheating test can be used to further

evaluate fabric performance, although it is recognised that the data derived

from this methodology may be affected by the lack of a fully defined
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methodology, experimental error and environmental conditions (National

House Building Council (NHBC) Foundation, 2013; Wingfield, J. et al., 2011b;

Zero Carbon Hub, 2013a).

There is a large body of evidence that suggests that it is more common for the

actual performance of housing in different to that calculated at the design stage

(AIMC4 Partners in Innovation, 2013; Bell, M. et al., 1998; Blueprint, 2013;

Johnston et al., 2004; Menezes et al., 2012; National House Building Council

(NHBC), 2011a; Randall et al., 1979; Sonderegger et al., 1980; Stephen, 1998,

2000; Technology Strategy Board, 2011; Technology Strategy Board (TSB), 2013;

Warren et al., 1980; Webster, 1987; White et al., 2013; Wingfield, J. et al., 2006;

Wingfield, J. et al., 2010; Wingfield, J. et al., 2011a; Wood, C., 2013; Zero

Carbon Hub, 2011c, 2011d, 2013a).

However, it should be mentioned at this stage that not all properties

underperform, and that it is possible to achieve zero carbon housing in practise.

Recent examples include a development of 6 zero-carbon homes in Oldham, 9

homes at the SHINE ZC development in Derby, and 10 properties at Greenwatt

Way, Slough (The Guardian, 2013; Zero Carbon Hub, 2011c, 2011d).

Unfortunately such developments are not generally the norm, and it requires a

great level of commitment and precision from design-stage through the

construction process to handover procedures to attain such high standards of

performance.

Failure for a home to deliver the expected levels of energy efficiency and

carbon emissions could have potential repercussions throughout the whole

supply chain. At a Government level, inaccurate predictions of energy demands

could lead to underestimation of future national energy needs and failure to

meet national legally binding carbon emission reduction targets. Consequently,

measures put in place to protect and maintain adequate energy supply levels

may not be sufficient to ensure energy security. At an individual dwelling level,

higher than expected energy bills could lead to dissatisfaction of occupants and,
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in extreme cases, inability of the residents to afford to pay increased

unexpected charges.

It is therefore critical to fully understand the factors that could potentially

contribute to the performance gap, and to isolate the areas that need to be

addressed throughout the design and post-construction stages of fabric

efficiency evaluation. This will enable the acquisition of a more accurate

awareness of housing energy demands and carbon emissions. These issues form

a largely underdeveloped area of research, and will provide the focus of this

study in order to better equip the housing supply chain to design and deliver

high quality new-build homes, and make successful improvements to existing

dwellings, to meet the expectations of all parties concerned.

Research Aims and Objectives

Following extensive research into previous work undertaken in this area, as

detailed in Chapter 4, three key themes have been identified, relating to the

contribution that the housing sector could have in helping to achieve increased

energy efficiency and reductions in carbon emissions, namely:

1. Competent design, construction, installation and operation of building

fabric and mechanical/electrical systems in new-build housing developments;

2. Effective retro-fit solutions for fabric improvements and systems

installation in existing housing stock (both at individual homeowner and wider

development (e.g. social housing level); and

3. Requirement for a greater understanding of the key factors contributing

to the apparent performance gap between designed and actual performance of

building fabric and mechanical/electrical systems installed in new and existing

properties.

The overarching aim of this research project is to investigate the potential

reasons why a significant difference exists between the designed and actual

performance of the UK housing stock, in order to inform industry of the



6

consequences of inaccurate design stage assessments and the

underperformance of key construction and systems elements.

In order to ensure that the strategic aim of the project is met, several objectives

have been defined to enable the research to be focussed on four key areas.

These are:

� To investigate the reasons why a gap exists between designed and

actual performance of homes, through evaluation of data derived from design

stage models and post-construction testing;

� To assess which elements of the building fabric have the greatest impact

on the calculated and measured HLC, as a benchmark for fabric performance;

� To examine the impact of designed ventilation strategy and installed

systems within the performance gap; and

� To evaluate the data collected from all of the experimental work

undertaken to meet the first three objectives, and use it to assess the individual

contribution of various parameters to the level of thermal performance

achieved by a dwelling.

Through meeting these key themes and objectives, the research work

presented here will contribute to the existing evaluations that have been

undertaken in this area, whilst also interrogating the methods used to evaluate

design stage and post construction fabric performance.

Research Structure and Key Outcomes

The programme of research involved a detailed literature search in order to

gain a full appreciation of the context of the subject of housing energy

efficiency and carbon emissions, including the characteristics of the UK housing

stock and household energy trends. The legislation supporting EU and

Government targets was also assessed. This led to a sound understanding of the

factors that could potentially contribute to the documented divergence

between design stage and post-construction thermal performance.



7

Analysis of the approved SAP 2009 methodology provided an insight into the

sensitivities and limitations associated with design-stage energy models.

Selected dwellings were used to assess the magnitude of divergence that could

exist between the two sets of data, with interrogation of the SAP information

for each property being undertaken alongside in-situ experimental evaluation of

fabric performance. Techniques such as air pressurisation tests, thermal

imaging surveys, heat flux monitoring and coheating tests were used to gain

information relating to the physical effectiveness of the final constructed

dwelling. A specifically designed and instrumented thermal chamber was used

to further assess the sensitivities of the coheating test to variations in

environmental conditions.

The information gained was finally combined to produce a novel risk ranking

technique, that could be used to evaluate the significance of individual design

stage and post-construction factors that may contribute to the apparent

divergence in calculated and measured data.

In terms of structure of the thesis, following this introductory chapter, the work

is presented in the following sections:

Chapter 1: This section describes the context of the study, including

the characteristics of the UK housing sector and household energy

trends. Furthermore, relevant legislation and Government targets are

explained, with justification provided for the focus of this work on

building fabric performance.

Chapter 2: Theory relating to building physics and thermal properties

is included in this section, with detailed consideration of relevant

analytical techniques employed to evaluate design-stage and as-built

fabric performance.
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Chapter 3: This chapter presents an original synopsis of the research

that has been undertaken to date in relation to the magnitude and

impact of contributing factors associated with the apparent divergence

between predicted and actual housing fabric performance.

Chapter 4: A summary of the primary methods utilised within the

experimental and analytical stages of research is included in this section.

Chapters 5 and 6: Two dwellings (the E.On House and Tarmac House) are

presented, with an overview of construction type, materials used and

design-stage predicted performance levels. A detailed evaluation of

design stage drawings and specifications is used to adjust the SAP 2009

model for each dwelling to reflect as-built characteristics. Data obtained

from experimental work (coheating tests and other diagnostic

techniques) is used to assess post-construction performance, with focus

on the effects of ventilation strategy and environmental conditions on

the final HLC values.

Chapter 7: Detailed sensitivity analysis is used to further interrogate the

sensitivity of the calculated SAP 2009 HLC to changes in a number of

parameters, including input data and several embedded assumptions

and protocols. Controlled tests undertaken in a thermal chamber are

used to obtain a more comprehensive understanding of the variances

that may be observed in coheating data as a result of the impact of

environmental conditions. The data from all desk-based and

experimental work is combined to provide a novel representation of the

significance of contributing factors to the recognised performance gap

via use of a risk index.



9

Chapter 8: Conclusions are presented, including recognition of the

limitations of the current work and recommendations for further study.

The intention of this work is to enable the reader to gain an understanding of

the theoretical principles underpinning all aspects of the research undertaken,

before presenting the main experimental sections. Analysis and discussion leads

to the generation of a simplified and clear approach to presenting the

significant contributing factors that need to be addressed in order to reduce the

gap that appears to exist between designed and as-built performance.

The scope includes assessment of inaccuracies in data input and default

calculations/data embedded within the SAP methodology, and extends to

investigation of site-based factors associated with coheating tests. Whilst there

is still potential to extend this analysis further, the work presented here

provides a baseline analytical approach that can be applied to other projects in

order to increase the volume of information available to drive future research.

Whilst it is acknowledged that work has previously been undertaken by other

parties to provide evidence to support the existence of a gap between the

designed and actual performance of UK homes, there has been little or no work

that focuses on the evaluation of the significance of the potential factors that

may impact upon the observed divergence in HLC values. The primary

contributions to knowledge arising from this work include:

 Employment of the coheating test to investigate both passively

ventilated and mechanically ventilated dwellings, including

consideration of the impact of ventilation on the derived HLC and

comparison to predicted data;

 Evaluation of key factors that can influence measured and predicted

building performance and outputs from modelled and measured data,

concluding that wind speed can have a major effect on the magnitude of

the performance gap;



10

 Assessment of the in-situ efficiency of mechanically ventilated heat

recovery (MVHR) systems, leading to the testing of product

improvement proposed by the manufacturer and subsequently

incorporated into the mainstream system design;

 Determination of the point where MVHR becomes an effective means of

ventilation as compared to natural ventilation; and

 Evidence to suggest that thermal bridging levels are an area where poor

attention to detail can have a large effect on both predicted and

measured thermal performance.

It is envisaged that the knowledge gained as a result of this research will be

useful in informing the construction industry and home-owners of the main

contributing factors to underperformance of new and existing housing stock.

There is potential for certain aspects of the findings to be applied in practise,

through helping to guide policy and common standards, in order to meet wider

Government targets and enable delivery of more energy and carbon efficient

homes.

Indeed, work by the author relating to the E.On 2016 Research House was

presented at Government level in 2011, as part of the E.On/EPSRC funded

Project CALEBRE (Loughborough University, 2014). The research findings

formed part of a consultation response relating to the Green Deal mechanism

and the potential for such a scheme to contribute towards energy efficiency in

dwellings. This policy has now been adopted and is central to current energy

legislation and regulations, which clearly demonstrates the relevance of the

project and the high level of demand for information relating to this area of

building energy performance.
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1 ENERGY AND HOUSING

Energy is central to the lifestyles of the modern western world, providing

comfortable living and working environments, means of transport,

technological solutions and industrial infrastructure. For most individuals and

businesses, life with no electricity is almost inconceivable, meaning that

economic stability is reliant on a constant and sufficient power supply.

Traditionally, the main fuels used in power stations and mass energy generation

have been derived from non-renewable sources such as coal and other fossil

fuels. It was not until the 1980’s that the impact of pollution and potential lack

of available fuel became an area of topical debate, as climate change and

sustainability came to the forefront of the political agenda (World Commission

on Environment and Development (WCED), 1987). In more recent years,

increasing consideration has been given to both reducing energy demand and

finding less polluting and more efficient means of providing power through

renewable sources (Department of Energy & Climate Change (DECC), 2013). As

populations continue to grow, and energy use intensifies, the concern that one

day there will not be enough energy to meet worldwide demands is intensifying,

as evidenced by responses to a House of Commons consultation on future

energy security (Energy & Climate Change Committee, 2011).

Figure 1-1 (European Commission, 2013b, p. 13 & 17) shows that, at a global

level, the EU, China and the United States are the three highest users of energy

and generators of carbon dioxide (CO2) emissions. Together, they accounted for

approximately 50% of the total 8,918 mtoe (million tonnes of oil equivalent) of

energy consumed and 31,342 mtCO2 produced by the world in 2011. Of this

total energy consumption, almost 18% (1,578 mtoe) was provided by electrical

means (International Energy Agency, 2013, p. 30 & 45).
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Figure 1-1 - World Gross Inland Energy Consumption and CO2 Emissions (% contribution in

2010)

Source Data: (European Commission, 2013b, p. 13 & 17)

The European Economic Community was formed in 1957, through a treaty

agreed between Germany, France, Italy, the Netherlands, Belgium and

Luxembourg. The vision was for people to move, and goods and services to be

transferred, across country borders more easily. The UK joined the group on 1
st

January 1973, along with Ireland and Denmark (Wallace, 2012). The agreement

between these nine countries has evolved into an economic and political

partnership formed between 28 Member States, which has been known as the

European Union since 1993 (EU Observer, 2013).

Figure 1-2 shows the profile of electricity consumption across the EU Member

States. Unsurprisingly, the highest consumers are those in colder climates,

where space heating is required for a longer period. When compared to other

major world energy users, the EU per capita consumption is much higher than

the world average, with only the US and Russia exceeding EU levels. The UK

position is in line with other countries that have similar heating and cooling

needs, and has an average overall electricity consumption within the context of

the EU, as observed in Figure 1-2. However, several Member States, such as

Norway and Finland provide a large proportion of their energy requirements

through renewable sources whilst, at the present time, this is not the case in

the UK.
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Figure 1-2 � EU Member State Electricity Consumption 2009 (kWh/capita)

Source Data: (European Environment Agency, 2012)(Web)

In recent figures from 2010, total energy consumption from housing across the

EU Member States amounted to 842,663 gWh of a total 2,836,637 gWh

(Bertoldi et al., 2012, p. 18 & 19). When considering electricity consumption

alone, this amounted to almost 177 mtoe across all sectors, with 50% being

attributed to domestic use (European Environment Agency, 2013a). With regard

to greenhouse gas emissions, in 2011, CO2 accounted for 82% of a total of 4550

mt, with the domestic sector being responsible for approximately 14% of all

emissions (European Environment Agency, 2013b), as shown in Figure 1.3

(European Environment Agency, 2013a, 2013b).

Figure 1-3 - EU Final Electricity Consumption and Emissions by Sector (2011, mtoe, mt, %)

Compiled From Source Data: (European Environment Agency, 2013a, 2013b)
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Evidence shows that, in 2010, energy efficiency in housing across all Member

States had improved by 15% as compared to data from the year 2000 (Odyssee

Mure, 2012, p. 1). The main factors contributing to the average annual 1.6%

reduction in household energy demand include the improvement of building

fabric, and the use of highly efficient boilers and A+/A++/A+++ rated electrical

goods (Odyssee Mure, 2012, p. 2).

The domestic sector is considered to be an area where further considerable

reductions in energy demand and greenhouse gas emissions can be made, in

order to achieve overall targets set by the EU at international level. The

remainder of this chapter aims to outline the relevant application of legislation

at an EU and UK level, whilst placing this in the context of achieving more

energy efficient housing stock.

1.1 The UK Housing Sector

The UK total primary energy consumption amounted to 206.3 mtoe in 2012

(Department of Energy and Climate Change (DECC), 2013a, p. 1). Building stock

accounts for approximately 40% of total usage (MacKenzie et al., 2010, p. 1),

and approximately 30% (74.3 mtoe) (Utley et al., 2008, p. 3) emanates from the

domestic sector. UK greenhouse gas emissions are in the region of 571.6 mt CO2

equivalent, with carbon dioxide accounting for 82% (479.1 mt) of this total

(Department of Energy and Climate Change (DECC), 2013d, p. 4). The

contribution across sectors is illustrated in Figure 1-4.

Figure 1-4 - Total UK Energy Consumption and CO2 Emissions by Sector (2012, mtoe, mt, %)

Compiled From Source Data: (Department of Energy and Climate Change (DECC), 2013a, 2013d)
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It can be seen that the domestic sector is responsible for a large proportion of

both energy consumption and greenhouse gas/carbon emissions at an

international level, which is also seen in the UK context. With UK Government

targets to reduce carbon emission levels to 80% below 1990 levels by 2050 still

in place (Department of Energy and Climate Change (DECC), 2008, p. 1), there is

a renewed drive to lower energy use in buildings.

The UK housing stock totalled almost 28 million dwellings in 2012 across a range

of different tenures, including vacant dwellings, as derived from source data

and shown in Figure 1-5 (various sources). Private sector ownership and rentals

form the majority of housing tenure type (90%), with public sector ownership

accounting for the remaining 10%.

Figure 1-5 - Housing Tenure Profile in the UK in 2012

Compiled From Source Data: (Department for Communities and Local Government (DCLG),

2013a; Northern Ireland Statistics and Research Agency, 2013; The Scottish Government

Housing and Regeneration Department, 2013; Welsh Assembly Government, 2013)

Several studies suggest that tenure can have a large impact on the attitude and

ability of households to implement energy saving measures and upgrades to

promote energy efficiency (Brechling et al., 1992; Wood, G. et al., 2012). Indeed,

home improvements (such as insulation and replacement of windows) are more

likely to be implemented by owner-occupiers than landlords or private/public

tenants. This is partly due to the limited ability of tenants to directly implement

Number

('000)
%

Number

('000)
%

Number

('000)
%

Number

('000)
%

Number

('000)
%

England 18,990 80% 2,359 10% inc inc 73 3% 1,689 7% 23,111,000

Wales 975 70% 191 14% inc inc 135 10% 88 6% 1,389,000

Scotland 1,507 60% 305 12% 99 395% 277 11% 319 13% 2,508,000

Northern Ireland 488 64% 115 15% 39 510% 29 4% 88 12% 759,000

TOTAL UK 21,960 79.1% 2,970 10.7% 138 0.5% 515 1.9% 2,185 7.9% 27,767,000

TOTAL

Public Sector

Owner Occupied

Rented Privately

or With a

Job/Business
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Associations
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Authorities
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changes to a building, but is mainly due to cost concerns – either the inability of

a person to finance work/materials, or the unwillingness of a landlord to

expend funds on a project that will not directly benefit themselves (Dowson et

al., 2012).

It is also important to consider changes in domestic energy demand trends. As

illustrated in Figure 1-6 (Department of Energy and Climate Change (DECC),

2013b, p. 3), in 2012, space heating demands accounted for 66% of household

energy consumption (Department of Energy and Climate Change (DECC), 2013b,

p. 3). This proportion has slowly increased over time, with unusually cold

winters such as that experienced in 2010 leading to a peak in space heating

energy use. In 2012, water heating accounted for 17%, appliances/lighting for

15% and cooking for the remaining 3% of energy used (Department of Energy

and Climate Change (DECC), 2013b, p. 3).

Figure 1-6 - Profile of Energy Use in UK Homes: 1970 � 2012

Source Data: (Department of Energy and Climate Change (DECC), 2013b, p. 3)
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Yohanis (2008) undertook a study of energy usage in 27 houses in Northern

Ireland, and found that the evening demand level of a larger higher income

home can be double that of a smaller less affluent family unit. This is largely

attributed to use of televisions, computers and other ‘gadgets’, alongside a

general trend towards later evening meals. Firth (2007) presented research

relating to 72 dwellings over a two year period, which demonstrates an increase

in energy usage of 4.5% between data from Year 1 and Year 2. It was identified

that the overall increase in consumption was due in part to greater use of

televisions and electronic equipment, with a significantly less proportion

assigned to lighting, kitchen appliances and use of showers. This supports the

situation apparent within the data shown in Figure 1-6.

Figure 1-7 shows energy demands as measured against baseline 1970 levels

through use of a comparative energy intensity index (energy consumption per

unit of output) (Department of Energy and Climate Change (DECC), 2012a, p.

37).

Figure 1-7 - Energy Intensity of UK Sectors

Source Data: (Department of Energy and Climate Change (DECC), 2012a, p. 37)
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It can be seen that progress has been made in many sectors (for example

industry and transport) in order to reduce the overall energy demand. Yet,

conversely, energy use in the domestic sector has appeared to increase by 11%

since 1990 (Department of Energy and Climate Change (DECC), 2010b, p. 2). It is

evident that progress has been inconsistent, and reasons for this could be due

to the cyclical nature of the construction industry, a sector specific response to

poor economic conditions, year to year climate variations, and lack of coherent

targets or poor implementation of policy in practise (Lowe et al., 2008; Pérez-

Lombard et al., 2008).

The UK Government has set the target that all new-build homes should have

zero net carbon emissions by 2016, with all non-domestic buildings expected to

achieve the same zero carbon standard by 2019 (Department for Communities

and Local Government (DCLG), 2011d). It is only recently that a full

understanding and common definition of zero carbon has been developed, and

the current framework is shown in Figure 1-8 (Zero Carbon Hub, 2013e, p. 4).

Figure 1-8 - Zero Carbon Hierarchy

Source Data: (Zero Carbon Hub, 2013e, p. 4)
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The first step is to meet a minimum standard of fabric energy efficiency, either

through design and compliance in new buildings, or improvement measures

such as insulation and double glazing in existing homes. A mandatory Fabric

Energy Efficiency Standard is being introduced with Building Regulations

updates in early 2014 (Department for Communities and Local Government

(DCLG), 2012a). The second level relates to on-site micro-energy generation to

meet a Carbon Compliance target. However, there is concern that up to 80% of

homes in the UK will not be able to achieve zero carbon status by this means

(McLeod, R. et al., 2012, p. 26). The final tier relates to residual emissions and

involves carbon off-setting through investment in carbon-neutral and

community projects, although this is only necessary where zero-carbon cannot

be achieved through the first two levels of the hierarchy (Zero Carbon Hub,

2012a).

Through this process, it is expected that a building will achieve net zero carbon

emissions over a whole year, with reference to space and water heating,

ventilation, lighting and appliances (Laustsen, 2008). It has been argued that the

scope of zero-carbon, as defined in Figure 1-8, is not fully comprehensive and

does not account for embodied energy in construction materials or the carbon

load associated with the transport of goods, labour and services (Hillyard, 2009).

There are also concerns that, in reality, the allowable solutions aspect of the

hierarchy may be prioritised over building fabric, leading to a situation where

emissions from a dwelling could actually increase and yet still manage to meet

overall reduced emissions targets through off-setting (McLeod, R. et al., 2012).

The three tier hierarchy has been developed by the UK Government through

consultation, but there is concern that it is still not fully defined and this could

delay implementation in 2014 (Heffernan et al., 2013).

Whilst a zero-carbon approach may be suitable for new build dwellings, it

should be emphasised that, as demonstrated in Figure 1-9, only 13% of the

English housing stock has been constructed since the introduction of more
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stringent building regulations implemented in the last two decades

(Department for Communities and Local Government (DCLG), 2013b, p. 53).

Figure 1-9 - Age Profile of English Housing Stock 2010

Compiled From Data: (Department for Communities and Local Government (DCLG), 2013b, p. 53)

With one house being demolished for every new home constructed (Kelly, M.,

2010, p. 1084), and current target new-build construction rates forecast to

provide only an additional 9 million homes over the next 15-20 years, it is

estimated that approximately 70% of the total building stock that will exist in

2050 already exists today (Power, A., 2010, p. 206). There is evidence that the

emissions level associated with new housing almost equates to the savings

realised by the current rate of improvement of existing buildings (Royal

Institute of British Architects (RIBA), 2009, p. 4). Therefore, whilst zero carbon

can be imposed as the standard quality for new build construction, the issue of

improving energy efficiency in existing housing is of equal or greater concern

and cannot be underestimated in terms of importance (Royal Institute of British

Architects (RIBA), 2009).

The complexity of the problem of retro-fitting energy saving measures in the

extensive and diverse aging housing stock is further compounded due to the

number of ‘hard to treat’ properties that exist and comprise 43% of homes in

the UK (Building Research Establishment (BRE), 2008, p. 1). This includes solid
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walled, flat roofed, timber framed and high rise buildings, as well as tenements,

park homes and those with limited services connections or no loft space (Roaf

et al., 2008). In such properties, it can be difficult to improve building fabric

performance through standard measures such as cavity wall or loft insulation

due to the building structure.

In addition, listed buildings and those in conservation areas can also be difficult

to alter to improve thermal properties due to planning restrictions. The UK

Government has recognised that the issue of hard to treat homes is a sub-

sector that needs to be specifically addressed, through recent changes in policy

and financial support schemes as explained in detail in Section 1.2.3. However,

there is already concern that without more pro-active communication and

enhanced incentives, many of the properties in this category will still not be

thermally efficient in 2050 (Dowson et al., 2012).

It is evident that actually achieving a substantial reduction in energy use and

carbon emissions in the UK housing sector is a complex and challenging issue.

As acknowledged by Pearson (2012), it is extremely difficult to predict the

future of energy supply, demand and pricing levels, and the speed of transfer

from production of coal powered generation to alternative and more renewable

sources. This leads to uncertainty in the future situation for the UK in terms of

energy security, which can only be managed through legislation, policy and

collaboration between all sector stakeholders (Winzer, 2012).

1.2 The Legislative Context

Energy is fundamental and central to modern industry, transport systems and

personal lifestyles, including use in the home. It is not surprising, therefore, to

find that the sector is governed by a complex legal framework, covering aspects

such as supply, demand, efficiency and carbon emissions. Such laws exist at

international (European Union) and national level, supported by industry led

best practise standards, as shown in Figure 1-10.
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Figure 1-10- Hierarchy of Regulation Framework (Produced by Author)

As emphasised by work undertaken by Sovacool (2009), a comprehensive

approach to the implementation of statute and policy at all levels is necessary

to ensure that the objectives of strategic aims are achieved. This requires

communication between Member State Governments at international level,

alongside integrated plans and schemes generated by Governmental

Departments and individual Ministries at national level. More locally, a holistic

approach is required by Local Governments to deliver consistent policies at

regional level. It is also necessary to engage with and work with industry

specialists in order to ensure that legislative requirements are realistic and

achievable through implementation of standardised methods and a coherent

approach (Watson et al., 2012).

There is considerable legislation at all levels governing the area of energy

generation (including renewable sources), energy efficiency and carbon

emission levels. The remainder of this chapter does not aim to provide an

exhaustive review of the many Acts, Regulations and instruments that are used

to manage the energy production and consumption in the EU and the UK.

Rather, it seeks to provide a political context for the remainder of the research,

by providing an overview of those most relevant to this work.

EU Level
Legislation

�European Union Directives

�European Commission Regulations

National Level

Legislation

�Parliamentary Acts ( National Government)

�National Regulations (Relevant Ministry)

�Programmes, Standards & Orders (Government Departments)

Local Level

Implementation

� Plans, Strategies and Schemes (National and Local Government)

�Best Practise Standards (Industry Generated)
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1.2.1 EU Legislation

The Climate and Energy Package (European Commission, 2013a) provides an

overarching umbrella for the energy policies developed by the European Union

Member States to work together in a cohesive way. This helps to channel

resources and communications in order to achieve the fundamental ’20-20-20’

overall objectives by the year 2020, which are to:

� Reduce total EU greenhouse gas emissions by 20% against 1990

levels;

� Raise the share of EU energy consumption produced from renewable

resources to 20%; and

� Improve the energy efficiency of the EU by 20% (European

Commission, 2009).

The primary pieces of EU legislation relating directly to energy use and energy

performance of buildings are summarised in Table 1-1.

Whilst it is anticipated that the EU as a whole will meet the target of a 20%

reduction in emissions by 2020, there is concern that up to half of the 28

Member States will not achieve their individual obligations (Keeting, 2012). The

revised Energy Efficiency Directive 2012 has helped to refocus the attention of

Member States on the real concerns surrounding this area.

The key elements of the new Directive will be for there to be a legal obligation

to implement energy saving schemes, for public bodies to take the lead in

procurement and use of energy efficient products and services, for energy

efficiency to be taken into account by regulators when setting fuel tariffs, and

for incentives to be introduced relating to energy audits for small medium

enterprises (SMEs) (European Commission, 2011). This recent reassessment of

EU strategy demonstrates the scale of the challenge that energy efficiency and

reduction of carbon emissions presents at a national, European and global level.
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Table 1-1 - Key EU Legislation

(Compiled from Source Data: (ARUP, 2010; Leach et al., 2012; Makuch et al., 2012; Pereira et al.,

2012))

EU Directive Key Dates Overall Aim Secondary Objectives Impact on UK

Legislation/Regulation

Directive on Energy

Performance in Buildings

(EPBD)

(European Union (EU),

2003, 2010)

Introduced

2003,

Enacted

2007,

Recast

2010

To tackle climate

change through

reduction of

carbon

emissions from

buildings

Common methodology

for energy performance

calculations and energy

certification; minimum

standards for energy

performance of

new/existing buildings

Standard Assessment

Procedure Calculation

Methodology (SAP)

Display of Energy

Performance Certificate

(EPC) or Display Energy

Certificate (DEC)

Building Regulations Part

L amendments

European Commission

Directive on Renewable

Energy

(European Union (EU),

2009)

Introduced

2009,

Enacted

2010

To set

renewable

energy targets

for all member

states to achieve

by 2020

National Action Plans to

be submitted by each

State demonstrating

strategy to achieve

targets

UK target of 15% energy

from renewable sources

by 2020 via Renewable

Energy Strategy and 2010

National Action Plan

Energy Efficiency

Directive (EED)

(European Union (EU),

2012)

Introduced

2012

Adoption

by June

2014

To put in place

the means to

achieve 15%

energy savings

by 2010, with

targets set by

each Member

State

Long term strategy for

all building renovations

3% of Central

Government buildings

to be renovated each

year to 2020

Energy supplier

efficiency obligations

schemes to save 1.5%

on end user sales

cumulatively year on

year to 2020

Establishment of

finance mechanisms for

efficiency improvement

measures

Green Deal, Renewable

Heat Incentive, Feed in

Tariffs, Smart Meters

Energy Savings

Opportunities Scheme

(ESOS) for businesses

Other strategies are likely

to be developed

Indeed, due to the good progress towards meeting the 2020 emission

reductions target, discussion has been held between EU Member States to

evaluate the possibility of achieving a 30% reduction level (European

Commission, 2012). Consultation on the related EU Green Paper entitled ‘A

2030 Framework for Climate and Energy Policies’ (European Commission,

2013c), closed in July 2013, and a formal announcement and proposals relating

to a draft 2030 framework are expected in early 2014.
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1.2.2 UK Legislation

The EU Directives outlined in the previous section are implemented in the UK

through several key pieces of legislation. The two most relevant to this research

are the Climate Change Act 2008 and the Energy Act 2011.

The Climate Change Act 2008 (Department of Energy and Climate Change

(DECC), 2008) is a fundamental piece of energy related legislation, as it is this

Act that documents the ways in which the UK intends to meet its obligations

relating to the EU 20-20-20 target. Moreover, it also states the ambitious target

that the UK will reduce greenhouse gas emissions by 80% by 2050 and carbon

emissions by at least 20% by 2020 against a 1990 base level (Department of

Energy and Climate Change (DECC), 2008, p. 1).

The UK Energy Act 2011 (Department of Energy and Climate Change (DECC),

2011a) received Royal Assent in October 2011, providing a framework to enable

households and businesses to access increased opportunities in terms of

achieving energy efficiency and utilising renewable technologies. The ‘Green

Deal’ forms an integral part of the Act, which is essentially a mechanism by

which private companies and energy providers provide the capital cost of

approved energy efficiency improvements, and those benefitting from the

savings from the system repay the ‘loan’ through instalments added to their

energy payments (Department of Energy and Climate Change (DECC), 2010a).

The Green Deal will work alongside the Renewable Heat Incentive (RHI)

framework, which offers subsidies to support the domestic sector in integrating

approved renewable energy sources into existing properties (Department Of

Energy And Climate Change (DECC), 2011e).

The Energy Act provides new direction in terms of achieving UK and EU energy

efficiency targets, with added focus on the improvement of both new and

existing homes. This is of great importance, as only 1% of total UK housing stock

comprises of new build developments, and up to two-thirds of existing houses

will still be occupied in 2050 (Department of Energy and Climate Change (DECC),

2009, p. 10). It can therefore be seen that improving the energy performance of
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new and existing housing stock is required in order to realise overall energy and

carbon targets.

1.2.3 Supplementary Schemes and Instruments

In order to ensure progress is made towards EU and UK legislative requirements

and obligations, a number of orders, regulations, strategies and standards have

been developed to support the primary legislation.

Several such initiatives relate directly to energy production and the supply chain.

The Energy Companies Obligation (ECO) was introduced in January 2013, and

replaced the Carbon Emissions Reduction Target (CERT) and Community Energy

Saving Programme (CESP) (OFGEM, 2013). Energy companies are required to

commit to the Carbon Emissions Reduction Obligation (CERO), Carbon Saving

Community Obligation (CSSO) and Home Heating Cost Reduction Obligation

(HHCRO). These schemes place a requirement on energy companies to provide

insulation measures and district heating systems to hard to treat homes and

low income households, and methods for low income and vulnerable

households to heat their homes efficiently (e.g. boiler repairs or replacements)

(Department of Energy and Climate Change (DECC), 2011b).

The Green Deal, which was also implemented in January 2013, is a

complementary scheme that works in conjunction with ECO in order to improve

the performance of domestic housing. The basic intention of the scheme is to

enable homeowners to fund improvements (such as insulation, heating and hot

water systems, glazing and micro generation systems) within their dwelling

using the savings realised on their energy bills. It involves energy suppliers,

Green Deal assessors, approved installers and specialised finance bodies

working together in order to ensure that the balance is achieved between initial

payment for improvements and pay back over time (Energy Saving Trust (EST),

2013).
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The Green Deal and ECO essentially work towards the same goal – to improve

the energy efficiency of homes through fabric and systems improvements. The

difference is in their target recipient – ECO focuses on hard to treat homes and

low income households, whilst the Green Deal primarily concentrates on

households that can afford to fund all or part of the required improvement

work.

In order to promote and support the installation of local level renewable energy

schemes, the Feed In Tariff Scheme (FITS) was introduced in 2010 and works in

conjunction with the 2011 Renewable Heat Incentive (RHI). The FITS

concentrates on renewable electrical production up to 5 MW, through eligible

sources such as photovoltaics, small scale combined heat and power systems,

bio gas and small scale hydro and wind installations (Feed In Tariffs Ltd, 2013).

The RHI relates to heating systems utilising biomass, geothermal, ground source

heat pumps, water source heat pumps and solar thermal fuel sources

(Renewable Heat Incentive Ltd, 2013). Both schemes provide mechanisms by

which the UK aims to achieve 15% of total energy generated by renewable

sources by 2020 (Department of Energy and Climate Change (DECC), 2012b, p.

4).

1.2.4 Building Regulations and Best Practise

Prior to the Great Fire of London that occurred in 1666, very little consideration

was given to the planning and design of buildings and developments. The extent

of destruction resulting from the fire that spread quickly through the timber

buildings clearly demonstrated the danger associated with fire in closely

positioned properties. The London Building Act 1667 provided the first guidance

on minimum standards of fire resistance in buildings, and was utilised during

the rebuilding programme (Ley, 2000).

Since that era, the regulation of building standards has become increasingly

important, as guided by the political and industry focus at various points in time.

The first formal mandatory regulations were introduced via the 1966 Building

Control Act (UK Parliament, 1966), and were mainly concerned with ventilation
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and protection against damp. The Building Regulations have increased in scope

and have been revised on a number of occasions, and compliance monitoring

has become more rigorous.

With growing concern regarding energy conservation and efficient use of

resources, and well documented EU and national targets relating to reduction

of energy demand and carbon emissions, the performance requirements in

terms of building fabric and thermal efficiency have incrementally increased.

The most relevant section of the Building Regulations to this course of study is

Part L, as this relates directly to the conservation of fuel and power in

properties (residential and non-residential), with specific details given on

standards and evaluation of new and existing homes (Department for

Communities and Local Government (DCLG), 2010b, 2010c). Part L forms a key

policy driver for delivering Government carbon and energy targets, with further

more stringent amendments being proposed for implementation in 2016.

Table 1-2 (Department for Communities and Local Government (DCLG), 2006a,

p. 19; 2010b, p. 15; Energy Saving Trust (EST), 2004, p. 3) demonstrates the

limiting fabric parameters required to meet historic Building Regulations Part L

standards, demonstrating the trend towards more demanding fabric

performance targets. A u-value is a measure of the heat loss properties of a

material, and can be used to describe the thermal performance of building

elements (Ibstock, 2011).

The next amendments to Part L of the Building Regulations are expected to be

released in April 2014. A major change to the Regulations will be the

introduction of a Fabric Energy Efficiency Standard (FEES). This will set a capped

limit on acceptable energy demand for maintaining comfortable living

temperatures throughout a home (commonly 39 – 46 kWh/m
2
/annum) (Zero

Carbon Hub, 2012b, p. 1). In addition, new homes will be required to achieve

Code for Sustainable Homes (CfSH) Level 4 in order to meet 2014 Building
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Regulations minimum standards (Osmani et al., 2009), increasing again to CfSH

Level 6 in 2016.

Table 1-2 - Building Regulations - Thermal Standards

Sources: (Department for Communities and Local Government (DCLG), 2006a, p. 19; 2010b, p.

15; Energy Saving Trust (EST), 2004, p. 3)

Year U-values (W/m
2
K)

Air

Permeabilit

y

Glazing

Wal

l

Roof Floor Windows Area Draught

Stripping

1965 1.70 1.42 n/a 5.7 n/a 12% Wall

Area

n/a

1974 1.00 0.60 n/a 5.7 n/a 12% Wall

Area

n/a

1981 0.60 0.35 n/a 5.7 n/a 12% Wall

Area

n/a

1990 0.45 0.25 0.45 5.7 n/a 15% Floor

Area

n/a

1995 0.45 0.25 0.45 3.3 n/a 22.5%

Floor Area

(inc. doors)

Required

2002 0.35 0.25 0.25 2.2 12 m
3
/m

2
/h 25% Floor

Area (inc.

doors)

Required

2006 0.35 0.25 0.25 2.2 10 m
3
/m

2
/h 25% Floor

Area (inc.

doors)

Required

2010 0.30 0.25 0.20 2.0 10 m
3
/m

2
/h 25% Floor

Area (inc.

doors)

Required

Part F of the Building Regulations relates to ventilation in buildings. As the

airtightness of building envelopes is increased in order to achieve compliance

with Part L, ventilation strategy becomes a primary concern in maintaining a

sufficient supply of fresh air and removal of stale air. The lack of background

infiltration can cause moisture build up and elevated relative humidity levels.
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This can result in stale air accumulating, and poor indoor air quality, affecting

the health of the occupants (World Health Organisation, 2010).

The current version of Part F (dated 2010 and now with 2013 amendments)

(Department for Communities and Local Government (DCLG), 2010a), focuses

on four main ventilation strategies: intermittent fans with background

ventilation, passive stack ventilation, mechanical extract ventilation (MEV), and

mechanically ventilated heat recovery system (MVHR). For mechanical systems,

minimum efficiency levels and system element performance requirements

(such as specific fan power) are specified (Vent-Axia, 2010), and contained

within the Domestic Building Services Compliance Guide (Department for

Communities and Local Government (DCLG), 2011b).

One of the key elements of the 2010 Part F amendments was the introduction

of the Domestic Ventilation Compliance Guide. Prior to this date, there had

been little requirement for those involved in the design and installation of

ventilation systems to evaluate the performance of the system once set-up

(Dorer et al., 1998; Zero Carbon Hub & NHBC Foundation, 2013) The Guide

provides detailed coverage of procedures for testing and commissioning the

various elements required for the four main ventilation strategies previously

identified (Department for Communities and Local Government (DCLG), 2011c).

1.2.5 Code for Sustainable Homes and Standard Assessment Procedure

The Code for Sustainable Homes (CfSH) was introduced into the UK in Spring

2007 (Department for Communities and Local Government (DCLG), 2006b),

replacing the EcoHomes scheme, and it became mandatory for new homes to

be given a Code rating from May 2008 (Department for Communities and Local

Government (DCLG), 2008). The CfSH was developed by the Building Research

Establishment (BRE) in order to provide a standardised benchmark for

understanding the predicted design performance of a property, based on six

compliance levels. These range from 1 to 6, with Code Level 3 being the

equivalent of 2013 UK Building Regulations and Level 6 being zero-carbon.
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The Level of the Code applicable to a property is based on the overall

sustainability performance assessed against nine key design categories, namely

energy and carbon dioxide (CO2) emissions, water, materials, surface water

runoff, waste, pollution, health and well-being, management, and ecology, as

shown in Table 1-3 (Department for Communities and Local Government

(DCLG), 2010d, pp. 13-15).

Whilst all of the issues included in the CfSH are of high importance, clearly the

theme of energy and carbon dioxide emissions is the most relevant to this

research project. This also accounts for over one third of the available credits

within the CfSH evaluation criteria. The Technical Guide to the Code for

Sustainable Homes (Department for Communities and Local Government

(DCLG), 2010d) identifies several key compliance criteria within this category:

 Dwelling Emission Rate (DER): the estimated CO2 emission rate

(KgCO2/m
2
/year) for the dwelling as designed, accounting for heating,

fixed cooling, hot water and lighting (m
2

refers to total useful floor area)

 Target Emission Rate (TER): the calculated target CO2 emission rate in

kgCO2/m
2
/annum (m

2
refers to total useful floor area)

 Net CO2 Emissions: the dwelling CO2 emissions in kgCO2/m
2
/annum from

space heating and cooling, water heating, ventilation, lighting, cooking

and other appliances (m
2

refers to total useful floor area)

 Fabric Energy Efficiency: the energy demand for space heating and

cooling (kWh/m
2
/annum) (m

2
refers to total useful floor area)

The existing mandatory TER level set by the 2010 Building Regulations seeks to

ensure that all new homes are designed to achieve CfSH Level 3 standards. The

DER of each dwelling as designed must meet or outperform the notional

calculated TER level of CO2 emissions and obtain a minimum overall points score

(from all categories and criteria), as specified in Table 1-4 (Department for

Communities and Local Government (DCLG), 2010d, p. 12&18).
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Table 1-3 - CfSH Category Credits and Weightings

Source Data: (Department for Communities and Local Government (DCLG), 2010d, pp. 13-15)

Code Categories Available

Credits

Category

Weighting Factor

Energy & CO2 Emissions

Dwelling Emissions Rate 10

Fabric Energy Efficiency 9

Energy Display Devices 2

Drying Space 1

Energy Labelled White Goods 2

External Lighting 2

Low & Zero Carbon Technologies 2

Cycle Storage 2

Home Office 1

Category Total 31 36.40

Water

Indoor Water Use 5

Outdoor Water Use 1

Category Total 6 9.00

Materials

Environmental impact of materials 15

Responsible sourcing of materials – basic building elements 6

Responsible sourcing of materials – finishing elements 3

Category Total 24 7.20

Surface Water Runoff

Management of surface water runoff from developments 2

Flood Risk 2

Category Total 4 2.20

Waste

Storage of recyclable/non-recyclable household waste 4

Construction Site Waste Management 3

Composting 1

Category Total 8 6.40

Pollution

Global Warming Potential (GWP) of Insulants 1

NOx Emissions 3

Category Total 4 2.80

Health & Wellbeing

Daylighting 3

Sound Insulation 4

Private Space 1

Lifetime Homes 4

Category Total 12 14.00

Management

Home User Guide 3

Considerate Constructors Scheme 2

Construction Site Impacts 2

Security 2

Category Total 9 10.00

Ecology

Ecological Value of the Site 1

Ecological Enhancement 1

Protection of Ecological Features 1

Change in Ecological Value of Site 4

Building Footprint 2

Category Total 9 12.00

OVERALL TOTAL 107 100
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Each level of the CfSH stipulates minimum standards relating to energy and CO2

levels, and if the design does not comply, it must be modified until the required

level is achieved for the desired ranking. In order to aid the assessment of fabric

performance and carbon emission levels, the CfSH framework currently includes

two fundamental tools for evaluation and communication of key information –

The Energy Performance Certificate (EPC) and Standard Assessment Procedure

for Energy Performance of Dwellings (SAP).

Table 1-4 - Minimum Levels of Compliance for CfSH Levels

Source Data: (Department for Communities and Local Government (DCLG), 2010d, p. 12&18)

The EPC describes the energy performance and carbon emissions of a property

in simple terms, with a rating from A (highly efficient) to G (poor efficiency).

Indications are also provided of the levels that the dwelling could achieve if

recommendations are implemented. Using this information, it is possible to

understand the limitations of a house and what changes could be made to

make it more efficient. It is mandatory for an EPC to be provided for all new

build dwellings and existing properties when sold.

Code Level Minimum Percentage

Improvement in DER

over TER

Maximum Indoor

Water Consumption

(litres/person/day)

Required Total %

Points Score

Code Level 1 0%* 120 36

Code Level 2 0%* 120 48

Code Level 3 0%* 105 57

Code Level 4 25% 105 68

Code Level 5 100% 80 84

Code Level 6 Net Zero CO2

Emissions

80 90

* - 0% requires compliance with Building Regulations Part L Only
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The Standard Assessment Procedure (SAP) (Department of Energy and Climate

Change (DECC), 2011c) is an approved energy performance assessment

methodology, and it is mandatory that it is undertaken by an approved assessor

if the results are to be given to a homeowner. It results in a standardized output

schedule, which provides indicators of the energy performance of a dwelling in

terms of:

� SAP Rating – energy costs associated with space heating, water heating,

ventilation and lighting, adjusted for floor area (Rating of 1 – 100, with

100 being lowest running costs)

� Environmental Impact (EI) Rating – annual CO2 emissions associated with

space heating, water heating, ventilation and lighting, adjusted for floor

area (Rating of 1 – 100 with 100 being best standard)

The final outputs are reliant upon completion of a series of sections, requiring

accurate data input and correct use of standard calculations. The first part of

the worksheet concentrates on key details relating to the fabric of the property,

location and environment, basic design matters (dimensions and type of

dwelling) and ventilation. From this information, heat losses from the building

can be calculated, which then affect much of the data in the remainder of the

model. Other areas considered include energy required for water and space

heating, solar gains, internal gains, and energy from renewable sources. When

combined, the final outputs of the model are the SAP and EI ratings and the

calculation of primary energy requirements (measured in kWh/year).

As shown in Figure 1-11, (English Housing Survey (EHS), 2012, p. 8), the use of

SAP as a compliance evaluation tool in conjunction with increasingly stringent

Building Regulation requirements has led to a tangible improvement in housing

energy performance in recent years.
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Figure 1-11 - Mean SAP Ratings for UK Housing Stock

Source Data: (English Housing Survey (EHS), 2012, p. 8)

In order to support and incorporate the forthcoming amendments being made

to the Building Regulations, consultation has been undertaken regarding

modification of the current SAP methodology (from SAP 2009 to SAP 2012). In

order to maintain the improvement in housing quality demonstrated in Figure

1-11, it is almost certain that additional updating of the SAP model will be

required again in the future (circa 2015). The proposed changes include

(Department for Communities and Local Government (DCLG), 2012a):

 More stringent standards for new build dwellings, working towards zero

carbon

 Increased energy efficiency standards for existing buildings

 Introduction of FEES into the methodology and calculated outputs

 Use of regional weather data and longer term projections of carbon

emissions

 Revisions to assessment of renewable energy systems (default

parameters and extension of database to include more manufacturer

products)
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 More detailed analysis of thermal bridging, insulation of hot water

pipework, revised default data inputs

An initial summary of the responses to the consultation was released in October

2013, and a draft version of SAP 2012 (Version 9.92) was published in 2011

(Department of Energy and Climate Change (DECC), 2011c). The aim of the

amended model, which was released to coincide with the new 2014 Building

Regulations on 6
th

April 2014, will be to continue the trend of substantial

reductions in carbon emissions whilst also addressing the importance of fabric

performance and the efficiency of installed systems (Department of Energy and

Climate Change (DECC), 2013c).

1.3 Conclusions

The general shift in focus in UK policy relating to domestic energy efficiency is

from the support of renewable energy technology installations to a ‘fabric first’

approach. Feed in tariff payment levels have decreased incrementally over

recent years, with more Government funding being targeted at building

envelope issues. The intention is to support homeowners and landlords to

afford improvements such as enhanced insulation and glazing, working in

conjunction with energy supplier schemes and obligations.

‘Fabric first’ is not a new phenomenon – indeed in 2007, the UK set out an

intention to achieve zero carbon in all new build homes by 2016, primarily

through improvements to the building envelope (Department for Communities

and Local Government (DCLG), 2007). This involves the reduction of building

energy demand and carbon emissions through improvement of insulation,

reducing thermal bridging through simplified designs, and increasing

airtightness levels to minimise infiltration (Energy Saving Trust (EST), 2010).

It can be seen that the Government has placed considerable importance on high

fabric performance of new dwellings, and the facilitation of improvements to

existing homes, in order to achieve increased energy efficiencies and lower

carbon emission rates. The SAP methodology, as it currently exists and in the
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form of the modified 2012 version, will be integral to the assessment process. It

will incorporate the FEES as a mandatory measure for measuring building fabric

standards compliance with Building Regulation requirements.

The concept of using a fabric first approach is supported by key stakeholders in

the design and construction industry. Several long term projects exist, involving

designers, construction companies and research bodies, to investigate the

impact that high thermal performance can have on the overall reduction of

energy demand and carbon emissions of dwellings (AIMC4 Partners in

Innovation, 2013; Bell, M. et al., 1998; Blueprint, 2013; Johnston et al., 2004;

Menezes et al., 2012; National House Building Council (NHBC), 2011a; Randall et

al., 1979; Sonderegger et al., 1980; Stephen, 1998, 2000; Technology Strategy

Board, 2011; Technology Strategy Board (TSB), 2013; Warren et al., 1980;

Webster, 1987; White et al., 2013; Wingfield, J. et al., 2006; Wingfield, J. et al.,

2010; Wingfield, J. et al., 2011a; Wood, C., 2013; Zero Carbon Hub, 2011c,

2011d, 2013a).

In essence, the concepts of low carbon housing and high levels of fabric

performance are synonymous in terms of achieving higher standards of housing

in the UK. CfSH Level 3 is currently the minimum legal standard for all new build

homes, and this is expected to raise to Level 4 in 2014 and Level 6 (zero carbon)

in 2016. The concept of the zero carbon hierarchy, as outlined in Section 1.1,

has three tiers – fabric energy efficiency, on-site low/zero carbon energy (and

connected heat), and allowable solutions.

Evidence suggests that it is possible to achieve compliance with at least CfSH

Level 4 (a 44% improvement in dwelling emissions rates above Building

Regulations Part L 2006 or 25% above Part L 2010) solely with a fabric first

approach, and without the need for additional renewable technologies (Smith,

2013). However, to achieve higher levels of the CfSH, it is generally necessary to

introduce micro-energy generation systems and more innovative low carbon

means of water and space heating.
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Clearly, there is justification for the current research project to focus on the

fabric performance of housing as a means to improving the overall efficiency of

dwellings. Should this fundamental element of a building not function as it is

predicted to do so, this will have a considerable detrimental impact upon the

ability of the UK housing industry to meet the ambitious targets for reductions

in energy demand and carbon emissions being stipulated at EU and

Government level.
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2 FABRIC PERFORMANCE � THEORY AND EVALUATION

Within the mountaineering community, the matter of understanding the

principles of heat losses and gains can be the difference between a life and

death situation. In conditions of extreme cold, thermal clothing can lessen the

effects of low body temperature and help to maintain an adequate level of

warmth to enable survival.

Figure 2-1 - Heat Loss Pathways from the Human Body

Source Data: (Expedition Samoyeds, 2012)(Web)

As illustrated in Figure 2-1, the main heat transfer pathways are convection,

conduction, and radiation, with evaporation and respiration also acting as

contributing factors. All of the heat is flowing away from the body by various

means, in accordance with the principles of the Second Law of Thermodynamics.

In the absence of any intervention, heat will flow in a hot to cold direction and

cannot flow backwards (Equation 2-1 (Baehr et al., 2011, p. 10).



40

Ht = AU (Tinside � Toutside) Equation 2-1 � An Application of the

Second Law of Thermodynamics

(Baehr et al., 2011, p. 10)

Where:

Ht = transmission heat loss (W)

A = area of exposed surface (m
2
)

U = overall heat transmission coefficient (W/m
2
K)

ti = inside air temperature (
o
C)

to= outside air temperature (
o
C)

Heat losses from the human body in a cold environment can be reduced in

several ways. Wearing wind proof, breathable, wicking, thermal clothing adds

an insulative layer by maintaining a barrier of warm air between the body and

the external elements whilst avoiding moisture build up. Ensuring that

extremities such as the head, hands and feet are kept covered and warm, and

avoiding contact with cold and wet surfaces helps to conserve body heat

(LaRusso, 2013). All of these intervention methods have the aim of maintaining

core body heat temperature away from the external temperature in order to

prevent heat flow, whilst also ensuring that there is no moisture build-up inside

clothing which would effectively act as a cooling system and compromise

thermal effectiveness.

In a similar way to the example of a person trying to maintain body heat in a

cold environment, so the building envelope must be of a certain standard in

order to reduce heat losses and stabilise heat gains. This needs to be balanced

against the requirements for heating and adequate ventilation, in order to

maintain good indoor air quality whilst avoiding moisture build-up and issues

such as damp and condensation.

The remainder of this chapter seeks to identify the key heat flow pathways and

mechanisms that need to be minimised in order to achieve high standards of

housing fabric efficiency. The coverage extends to a discussion relating to

techniques used to evaluate and quantify heat transfer mechanisms at both the

design and post-construction stage, and approaches utilised to improve the

overall thermal performance of homes.
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2.1 Principles of Heat Flow in Buildings

In order to be able to assess the fabric and thermal performance of a dwelling,

it is necessary to first appreciate the theory and principles that govern the

processes occurring within the materials used and the building as a whole. This

is fundamental to understanding the application of a fabric first approach to

energy efficiency, where minimisation of building heat losses and reduction in

energy demand are of key importance.

It is also important to consider the thermal comfort of building users during the

design process. The primary purpose of a dwelling is to provide a healthy,

energy efficient living environment (Haghighat, 2012). As such, the current

guidelines for acceptable internal temperatures are 21°C for living rooms (as

included in SAP) and 18°C for all other rooms (World Health Organisation, 2007,

p. 4), with an adequate ventilation rate (by natural or mechanical means) being

specified as 13-29 l/s depending on the size of the property (Department for

Communities and Local Government (DCLG), 2010a, p. 11).

The internal environment provided within a dwelling will be dependent upon

the interaction of building fabric, ventilation and heating systems (Boardman et

al., 2005). The properties of these elements will influence the temperature of

the air and material surfaces, and also humidity, air movements (draughts) and

air circulation/ventilation (Ormandy, 2011).

As buildings become more airtight and high performance insulation and glazing

is used in order to reduce energy demand, the risk of overheating and poor

ventilation levels increases (Banfill et al., 2011a). This may have health

implications for the occupants, and could also cause damage to the building

fabric through condensation and subsequent mould growth and dampness

(World Health Organisation, 2010). The heat balance of the building is central to

both the estimation of energy demand and to thermal comfort, and is discussed

further in the remainder of this chapter.
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2.1.1 Fabric Heat Transfer Mechanisms

There are several ways in which heat energy can be lost or gained in a building,

and, when considering the energy demand of a building, it is important to

consider all possible sources of heat losses and gains, as identified in Figure 2-2

(Department of Energy and Climate Change (DECC), 2005, p. 3).

Figure 2-2 - Energy Balance of a Home - Heat Losses and Gains

Source: (Department of Energy and Climate Change (DECC), 2005, p. 3)

In a situation where there is no temperature difference between internal and

external temperatures and no intervention from occupants or external

environmental factors (wind or solar radiation), the heat losses and gains

to/from a building should balance. However, in most circumstances this is not

the case, due to a combination of factors such as:

 Transmission Losses (Lt) - internal to external heat flows through the

building fabric via conduction or heat transfer;

 Ventilation Losses (Lv) – exchange of warm internal air with cold external

air, through either passive or active means;
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 Solar Gains (Gs) – additional energy gained through solar irradiance

transmitted through windows and other non-opaque building elements;

and

 Internal Gains(Gi) – additional energy gained from body heat, lighting,

appliances and other electrical devices (Baehr et al., 2011; Pohl, 2011).

The space heating requirements of a dwelling are dependent upon the

contribution of these factors, as shown in Equation 2-2 (Feist, 2006), where the

majority of terms are identified previously, and H is the required heating input.

H = (Lt + Lv) � (Gs + GI)

The main heat transfer pathway in a building is conduction - the movement of

heat through opaque solid matter. As heat energy is absorbed, it generates

kinetic motion between adjacent molecules. This occurs due to the presence of

a temperature gradient, with energy passing from the hot to the cold side of the

material until an equal distributed temperature is achieved. Heat transfer by

conduction is also possible in liquids and gases, but due to the less stable

structure it is often accompanied by convection and radiation processes (Baehr

et al., 2011).

A second process, convection, is familiar to most people, and can be explained

by the simple statement ‘hot air rises’. Natural convection occurs when a mass

of liquid or gas is mixed, and warmer areas of the substance expand and rise

while cooler areas sink, due to differences in density. The process continues in

this pattern of circulation until an equal temperature is achieved in the gas or

liquid mass.

Convection requires a medium in order for the transfer to take place, and in

buildings it occurs at wall and floor surfaces and at heating/cooling units, and

also at points where materials are exposed to different temperatures (Pohl,

Equation 2-2 - Heating Demand

Formula (Feist, 2006)
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2011). When an external source, such as a fan, is used to increase circulation,

this is known as forced convection. In all convection processes, the inherent

movement of and contact between molecules leads to the presence of

additional heat transfer via conduction.

Radiant heat transfer occurs due to the emission of energy in the form of multi-

directional heat from a warm body such as the sun. Unlike conduction and

convection, it does not rely upon direct interaction between the heat source

and the receiving object in order to occur. Heat energy within the emitting body

is converted into electro-magnetic radiation, which flows in a straight line until

it is obstructed by another mass. Upon contact, part of the energy is transferred

into absorbed heat by the object or substance (via conduction), whilst some of

the original radiation may be reflected or transmitted. The proportion of radiant

energy absorbed (stored), reflected (bounced back) or transmitted (passing

through) the receiving body is dependent upon the material characteristics and

temperature of the entity, and the nature of the wavelengths of radiation (short

or long) that are incident upon it (Annaratone, 2010).

The way in which building fabric responds to changes in temperatures and the

associated heat flows is dependent upon specific properties of the construction

materials used. It can be evaluated via three key measures, namely:

 Thermal Conductivity (k Value measured in W/mK) – this can be

described as the quantity of heat that passes through a defined

thickness of material per 1K difference in temperature between two

(often internal and external) surfaces;

 Thermal Resistivity (R Value measured in m
2
K/W) – this property is the

reciprocal of thermal conductivity, and relates to the ability of a material

to reduce or prevent heat transfer;
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 Thermal Transmittance (u-value measured in W/m
2
K) – this refers to the

heat flow through a given area of structure, divided by the difference in

environmental temperatures on either side of the structure in steady-

state conditions (Building Standards Institute (BSI), 2008a). (Annaratone,

2010; Baehr et al., 2011; Pohl, 2011).

Ventilation strategy can also have a large effect on the heat transfer

mechanisms in a building. Infiltration/exfiltration is a passive ventilation

mechanism where air passes through joints or gaps in the building fabric in an

outward or inward manner respectively. This provides an uncontrolled

background air change rate in many buildings, although it can be difficult to

quantify as it varies with localised environmental conditions such as wind speed,

wind direction and external temperature (Lash, 2011). A large number of

existing UK homes have high levels of infiltration and exfiltration, as the

building envelope is not airtight (Dowson et al., 2012).

However, as Building Regulations require more stringent levels of airtightness,

the ventilation rate attributable to background infiltration will reduce. Some

form of additional ventilation may be needed in order to maintain good internal

air quality and to prevent the build-up of moisture, bad odours and, in some

circumstances, excessive heat (World Health Organisation, 2010).

As shown in Figure 2-3 (Grun Eco Design, 2013), good cross ventilation can be

achieved via background infiltration and additional natural ventilation in the

form of opening windows or trickle vents. Natural ventilation in housing often

requires user intervention, and so is distinct from the background air movement

provided by the passive air permeability of the building envelope. In taller

buildings, stack ventilation can be utilised, where the principles of convection

are employed in order to maintain circulation of hot and cold air via vents (Pohl,

2011).
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Figure 2-3 - Basic Ventilation Principles

Source Data: (Grun Eco Design, 2013, Web)

In the context of new housing, and improved existing dwellings, the integrity of

the building fabric is critical to high levels of energy performance, and a draft-

free environment is needed to minimise heat losses through the building

envelope. It is becoming increasingly necessary and common place to install a

mechanical system to maintain a good standard of indoor air quality and to

prevent deterioration of the building fabric due to moisture damage (Banfill et

al., 2011a).

Many homes incorporate mechanical extract ventilation in localised areas, such

as bathrooms or kitchens, in order to remove moisture and odours and reduce

humidity at the point of source. When this is not adequate in conjunction with

passive ventilation, it could become necessary to install a whole house

ventilation system. This is a mechanical system that uses a control unit to

supply fresh air and remove stale air via individual supply and extract ducts

situated throughout the property. It becomes particularly effective when the

control unit incorporates a heat recovery exchanger, as the heat from the warm

extract air is recovered and used to supply pre-heated air to the property. In

this way, space heating demand can be reduced (Pollet et al., 2013).
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2.1.2 Preventing Heat Transfer

The need for heating is a reaction to heat losses – no heat losses will result in a

zero heating requirement. Therefore, it seems logical to try to reduce the

amount of energy passing through the building fabric in order to decrease space

heating requirements. An uninsulated house will lose heat in a similar way to a

poorly equipped person exposed to cold temperatures. Large amounts of heat

are able to move in and out of the property via infiltration and exfiltration, as

quantified in Figure 2-4, for a house built to meet the requirements relevant to

Part L of 2010 Building Regulations. (Woodford, 2014).

Figure 2-4 - Contribution of Building Elements to Whole House Heat Losses (%)

Source Data: (Woodford, 2014, Web)

There are three key ways in which building fabric can be used as a vehicle to

improve thermal efficiency, namely by reducing the thermal transmittance (u-

value) of materials, by reducing the effects of thermal bridging, and through

employing a holistic airtightness and ventilation strategy (Energy Saving Trust

(EST), 2010).

The choice of materials used to construct the building envelope will have a

major impact on thermal performance. As insulation levels are increased, u-

values (transmittance levels) are decreased and the thermal resistance (R value)
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increases. Low thermal conductivity (K value) usually indicates greater

insulating properties in proportion to thickness (Ibstock, 2011). Insulating

materials generally work by reducing levels of conductive and convective heat

transfer, and may also act as thermal stores, or reflectors of radiation to reduce

solar gains. The resistance of the insulating layer enables a temperature

difference to be maintained between the internal and external environments

(Pohl, 2011).

It is not uncommon to insulate the roof and walls (filled cavity, solid cavity,

internal wall or external wall solutions) of a house. Whilst it is relatively simple

to incorporate insulation into upper floors, the ground floor can be problematic

to treat as it requires isolation from the earth that supports it. It should also be

noted that the calculation of heat losses to the ground is a complex issue due to

the unique behaviour of earth as a thermal store, and is governed by standard

procedures detailed in EN ISO 13370 (International Organisation for

Standardisation, 2007).

In more modern properties, the foundations of the house will generally

incorporate insulation to mitigate against heat loss. In older buildings,

suspended timber boards can be thermally enhanced by incorporating

insulation. Where there is a cellar, insulation can be added between joists from

below, and in the case of solid floors a damp proof membrane with an

insulative overlay may be a possible solution (English Heritage, 2012a, 2012b).

It has been suggested that heat losses through the floor of a building may

account for up to 15% of the total energy balance (Claesson et al., 1991, p. 195),

so a strategy to prevent this pathway should be incorporated at the design

stage. There has also been counter evidence presented that suggests that

savings attributable solely to improvements to ground floor insulation could be

as negligible as 3%, raising the question of whether the cost and invasive work

required to install floor insulation in older properties is actually worthwhile

(George et al., 2006, p. 28).
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Whilst insulation is important, other elements of building design may increase

heat losses or lower the overall u-value of a building. Thermal bridges are areas

or points within a structure where materials with a different thermal

conductivity either fully or partially penetrate the building envelope, where

there is a change in fabric thickness, or where there is a difference between

internal and external areas (for example at junctions between walls, ceilings

and floors) (European Committee for Standardization, 2007a). It is estimated

that anywhere between 15% and 30% of total fabric heat losses can be

attributed to poor detailing at thermal bridge junctions (Energy Saving Trust

(EST), 2008b; 2010, p. 4 & 41). However, it is also possible to almost eliminate

thermal bridge effects through careful design and attention to detail during

construction (Chartered Institution of Building Services Engineers (CIBSE), 2006;

Kalousek et al., 2013).

The effect of solar radiation may also influence the heat energy balance. Direct

energy can enter a building via transmittance through glazing (predominantly

on the south side), and then be absorbed by thermal mass provided by

construction materials, or by other objects within the property. When the

temperature of the materials falls below that of the internal environment, the

stored heat is released due to conduction or convection processes. Whilst this

process can be beneficial in terms of reducing space heating demand, it can also

lead to overheating in buildings and uncomfortable living conditions. Solar

shading can be used to prevent excessive solar gains in the summer months,

and when installed at the correct angle will also allow sunlight to reach the

building in winter months when it may be useful as a heating aid (Figure 2-5

(Reardon, 2008)).
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Figure 2-5 - Designing to Mitigate Solar Effects

Source: (Reardon, 2008, Web)

Ventilation strategy is central to the design of a thermally efficient home, as this

directly influences the nature of air flow in terms of temperature, velocity and

circulation flow rate (Roulet, 2008). When internal gains and solar gains are

accounted for, it is possible that, in an airtight house, background infiltration

rates alone will not be sufficient to maintain an adequate air change rate to

provide a healthy environment for residents (National House Building Council

(NHBC), 2009).

Banfill (2011a) suggests that several key measures are required to reduce

dwelling space heating demand, namely increased airtightness, high levels of

insulation, and installation of a mechanically ventilated heat recovery system

(MVHR). The savings are achieved due to a decrease in infiltration levels, in

conjunction with an elevated base air temperature obtained via the preheating

of supply air using recovered heat from the extracted air. However, this is

balanced against the energy costs associated with the running of the MVHR

system. The effectiveness of an MVHR system is directly dependent upon the
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correct balance between the efficiency of system fans, efficiency of the heat

recovery unit, air flow rate, and building airtightness (Banfill et al., 2011b).

There is considerable debate concerning the level of air tightness at which it

becomes necessary and cost effective to install such a system. Part L of the

current UK Building Regulations (Department for Communities and Local

Government (DCLG), 2010b, p. 15) specifies a minimum air tightness level of 10

m
3
/(h.m

2
) @ 50Pa for new build domestic dwellings. However, best practice

standards seek to achieve a value as low as 3 m
3
/(h.m

2
) @ 50Pa (Energy Saving

Trust (EST), 2007a, p. 3). Research suggests that the latter value should be

adopted as a minimum in order to observe sufficient MVHR operational

efficiency levels to realise overall energy savings from such a system (Banfill et

al., 2011b).

When considering the UK housing stock, it is characterised by a wide range of

air tightness levels, as shown in Figure 2-6 (Stephen, 2000).

Figure 2-6 - Air Leakage Rates for Survey of 471 UK Dwellings

Source Data: (Stephen, 2000)(Web)
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Stephen (1998, 2000) undertook a detailed survey of 471 UK dwellings, and

found that those constructed between 1900 and 1930 had mean air

permeability values of approximately 10 m
3
/m

2
/h @ 50pa, those constructed

between 1930 to 1960 exceeded 15 m
3
/m

2
/h @ 50pa, and in properties after

that date the value had returned to 10 m
3
/(h.m

2
) @ 50Pa. This is far in excess of

the 3 m
3
/(h.m

2
) @ 50Pa that may be required in order to achieve efficient

function of an MVHR system. The emergence of more energy efficient designs,

more stringent minimum requirements for building airtightness, and increased

rates of retrofit projects to improve existing housing, could gradually lead to a

more widespread need for installation of such systems in order to provide

adequate ventilation in dwellings (Zero Carbon Hub, 2012c).

2.2 Design Stage Energy Assessments

Data modelling is used in many contexts in order to assess the predicted

performance of a scenario or concept. As has been presented in Section 2.1.2,

attention to detail at the design stage of a building can decrease heat losses and

space heating requirements, and therefore promote energy efficiency and

lower carbon emissions. Various models have been developed in order to allow

assessment of the energy performance of buildings at the design stage.

Different models may be based upon varying fundamental principles and

assumptions, but the general aim is to estimate, as accurately as possible, the

potential final as-built and in-use performance levels of a property.

In the UK, the Government has endorsed the use of the Standard Assessment

Procedure (SAP) (Department of Energy and Climate Change (DECC), 2011c).

This is based upon the Building Research Establishment Domestic Energy Model

(BREDEM). Other models in widespread use include the PassivHaus Planning

(Design) Package (PHPP), and the US Green Building Council’s Leadership in

Energy and Environmental Design (LEED). Of these, PHPP is perhaps the most

rigorous assessment procedure and has been described by promoters as the

leading international low energy design standard (Passivhaus Trust, 2011).
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SAP and PHPP are both essentially steady state energy performance models.

This means that the passage of time is not included in the assessment, so

standard monthly or seasonal average environmental data is used within the

calculation methodology (Building Research Establishment (BRE), 2013).

Dynamic modelling software, such as DesignBuilder

(http://www.designbuilder.co.uk/), and Thermal Analysis Simulation (TAS)

(http://www.edsl.net/main/) include consideration of time factors and so a

more detailed analysis of energy demand may be obtained. However, the data

derived from many post-construction tests is based upon a dwelling when it is

in conditions more comparable to those included in steady state modelling

tools, and so SAP and PHPP output provides a more analogous indication of the

design-state predicted energy demand.

This section aims to provide the reader with a summary of the key principles of

modelling, and also to identify the characteristics of the UK Standard

Assessment Procedure (SAP). This tool will be used throughout the remainder

of the work to evaluate design stage fabric performance of a new-build and a

retrofitted house, through use of specific identified parameters within the

model.

2.2.1 Types of Energy Assessment Model

There are two main types of model that are used to evaluate energy use in the

residential sector, as outlined in Figure 2-7 (International Energy Agency (IEA),

1998, p. 6) – namely top down (policy led to determine supply requirements)

and bottom up (technology led to ascertain demand requirements) (Natarajan

et al., 2011).
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Essentially, top down models use parameters at an aggregated level (the ‘big

picture’), such as macroeconomic indicators, climate and rates of new build

housing and demolition, in order to investigate the interaction between the

energy sector and a definable key influence (for example, the economy or

technology industry). Conversely, a bottom up approach is able to calculate the

predicted energy consumption of a complete entity, whether that be an

individual dwelling or a large housing development (Natarajan et al., 2011;

Swan, L. et al., 2009).

Top down models are useful to assess the impact of policy on the interactions

between different sectors, but lack enough detail to be effectively applied to

the estimation of individual household energy requirements and do not take

account of technological demand shifts and product obsolescence. Bottom up

models, including most building energy models, require detailed information

relating to the subject being assessed, such as building dimensions and

construction/system installation details, and so are very time intensive and

often involve complex technical calculations. They are, however, extremely

effective when assessing the impact of different scenarios or solutions on final

energy consumption (such as varying insulation levels or applying a range of

heating system types) (Kavgic et al., 2010; Mhalas et al., 2013; Swan, L. et al.,

2009).
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Figure 2-7 - Approaches to Energy Demand Modelling � Top-Down & Bottom-Up

Adapted from Source Data: (International Energy Agency (IEA), 1998, p. 6)

In some cases, such as when assessing the impact of policy on individual

households or technological solutions, it may be appropriate to use a combined

top down and bottom up model (Frei et al., 2003) . The inclusion of detailed

bottom up data in a top-down model can reconcile the generality of the

aggregated information and lead to more realistic estimation of future energy

needs and the degree of impact that decisions may have on an end user or

system (Böhringer, 1998; Koopmans et al., 2001).
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2.2.2 Design Stage Energy Assessment Modelling in the UK

When assessing energy demand at the design stage of a building, a building

physics bottom up approach is the most commonly used. It is important that

the model has the capacity to calculate energy demands and carbon emissions,

whilst also taking into account the effect of different building designs and

installed technologies on the quality of the indoor environment (Kavgic et al.,

2010). Figure 2-8 shows the strengths and weaknesses of this type of model.

Figure 2-8 - Strengths & Weaknesses of Building Physics Approach

Based on Source Data: (Kavgic et al., 2010)

In the UK, most energy models are based on the Building Research

Establishment Domestic Energy Model (BREDEM), which complies with EU

requirements for domestic energy models (Building Standards Institute (BSI),

2008b). Whilst BREDEM has been updated a number of times, including as

recently as 2012, (Building Research Establishment (BRE), 2013), the Standard

Assessment Procedure 2009 (SAP 2009) is based on an older version (BREDEM

12). This model is currently embedded in UK Building Regulations as a

compliance evaluation tool, but is due to be updated in 2014. After this date,

SAP 2012 will be integrated into policy, and will utilise the most recent BREDEM

model (BREDEM 2012). The development of BREDEM and SAP is shown in

Figure 2-9 (Kelly, S. et al., 2012, p. 18).

Strengths

Detailed evaluation of technology

Empirical and physical data used

Scenario analysis of fabric and technology
combinations possible

Ability to focus on fabric performance before
the addition of technological solutions

Weaknesses

Requirement for large amounts of data

Impact of occupants evaluated via
assumptions

Fixed inputs can be unsuitable for some
dwellings

Based on assumptions and standardised
algorithms
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Figure 2-9 - Development of SAP and BREDEM in the UK

Source: (Kelly, S. et al., 2012, p. 18)

BREDEM requires extensive input data relating to the dwelling construction and

installed systems, and this is used, via a series of algorithms, to calculate the

energy demands associated with space and water heating, lighting and cooking.

When good quality data is inputted correctly it can provide an accurate

prediction of dwelling energy demands (Natarajan et al., 2011). Essentially, the

inputs and underlying calculation methods and algorithms for both BREDEM

and SAP are largely identical. However, SAP includes more assumptions and

fixed values for certain parameters to ensure standardisation in use, whilst

BREDEM allows more flexibility in input data. RdSAP is a further simplified

version of the model that is used to evaluate existing buildings (Kelly, S. et al.,

2011).

A summary of the parameters utilised in the SAP 2009 methodology is given in

Figure 2-10, with an example of a blank example worksheet provided in

Appendix 1 (Department of Energy & Climate Change (DECC), 2011).

It has been suggested that other methods of assessment, such as the

PassivHaus Planning (Design) Package (PHPP), may be more rigorous and

detailed in their approach and thus produce more reliable predictions of

household energy demand than that derived from SAP (Association for

Environmentally Conscious Building (AECB), 2008).
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Figure 2-10 - Summary of SAP Structure and Key Parameters

Produced by Author

The development of the PassivHaus Standard began in 1991, but it was not

formalised until 1995 (Feist et al., 2007). It is essentially a steady state energy

modelling tool, with assessments carried out using the standardised PHPP

software and methodology (McLeod, R. S. et al., 2012).

The key criteria for compliance with PHPP, defined within the current version of

the standard, are (Passivhaus Institute, 2009, p. 1):

 SヮWIｷaｷI HW;デｷﾐｪ DWﾏ;ﾐSぎ   гヱヵ ﾆWｴっﾏ2
/yr

 SヮWIｷaｷI Cﾗﾗﾉｷﾐｪ DWﾏ;ﾐSぎ   гヱヵ ﾆWｴっﾏ2
/yr

 SヮWIｷaｷI HW;デｷﾐｪ Lﾗ;Sぎ    гヱヰ Wっﾏ2

 SヮWIｷaｷI Pヴｷﾏ;ヴ┞ EﾐWヴｪ┞ DWﾏ;ﾐSぎ  гヱヲヰ ﾆWｴっﾏ2
/yr

 Aｷヴ Cｴ;ﾐｪWゲ PWヴ Hﾗ┌ヴぎ    гヰくヶをﾐヵヰ ふヰくヴ ﾏ3
/(h.m

2
) @

50Pa)
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Limiting performance levels are also applied to element u-values, thermal

bridging and air change rates, with recommendations made for specification

of white goods and integrated systems (PassivHaus Trust, 2014a). When the

requirements and principles of the PHPP framework are applied correctly,

the primary aim of the concept can be achieved, which is to design and

construct

�a building, for which thermal comfort can be achieved solely by post-

heating or post-cooling of the fresh air mass, which is required to achieve

sufficient indoor air quality conditions � without the need for additional

recirculation of air� (PassivHaus Trust, 2014b Web)

Several studies have been undertaken to assess the fundamental

differences between SAP and PHPP and the way in which they calculate

outputs (Association for Environmentally Conscious Building (AECB), 2008;

Moutzouri, 2011; Passivhaus Trust, 2011; Scottish Building Standards

Division (SBSA), 2009). The main areas of divergence include:

� SAP is a compliance tool whilst PHPP is a design tool – this affects the

philosophy that is used in the calculation methodology for energy and

carbon demands. PHPP includes a fixed target energy usage of 15kWh

per m
2

of useful floor area, per year, while SAP incorporates the use of a

notional Part L compliant building for comparison with the proposed

design.

� SAP uses internal measurements (including stairwells) in calculations

while PHPP uses external measurements (excluding stairwells), which

results in the SAP model being more prone to underestimations of heat

loss. PHPP is able to inherently incorporate thermal bridges into the

calculations, and enables them to be resolved within the physical design.

SAP has the functionality to either include detailed definition of

individual junctions between elements or to insert default values, which

may increase the likelihood of error in the assessment process.
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� Within SAP, there is potential to trade-off occupant comfort against use

of renewable technologies and other ‘credits’. PHPP is more focused on

the end user and the ability of the property to meet their needs.

� The treated floor area defined in PHPP does not include consideration of

flights of stairs with in excess of three steps, while SAP takes account of

all stairways (Feist et al., 2007).

� Both models take into account orientation and shading, but weather

data is standardised within the SAP model (generally using degree data

for the East Pennines). PHPP uses monthly degree data, and more

localised weather datasets are utilised.

� PHPP assesses individual window units and excludes evaluation of

window effect on lighting requirements, whilst SAP uses a total area of

glazing for each facade and considers daylight effects.

� SAP does not specifically account for the effect of passive solar gains in

terms of effect on heating/cooling requirements, whilst PHPP facilitates

dynamic modelling.

There are numerous other subtle differences between the two techniques,

although they are both basically steady state heat loss models that utilise a

degree day climate approach, and then deduct internal/solar gains. However,

the AECB (2008) and The University of Strathclyde/Scottish Building Standards

Division (2009) found that if an identically designed house is modelled using

both PHPP and SAP methodology, it will produce different results in terms of

heating demands and carbon emissions.

SAP generally underestimates both of these values, and McLeod (2012) raises

concerns that the use of SAP rather than PHPP may be concealing the true

extent of carbon saving that could be achieved in the UK. Thermal performance

as a contributing factor to this will be further investigated within the scope of

this research project.
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2.2.3 SAP Sensitivity and Uncertainty Analysis

A number of studies have been undertaken in order to assess the sensitivity and

uncertainty of the input parameters within building energy assessment models.

Due to the need to standardise procedures in order to ensure consistency

across the evaluation of different buildings by individual assessors, several

simplifications and assumptions are used, in addition to fixed calculation

methods. This can lead to uncertainty in the model itself, which can impact

upon the ability of the model to provide truly accurate outputs (de Wita et al.,

2002). Figure 2-11 summarises the main techniques used in sensitivity analysis.

Figure 2-11 - Sensitivity Analysis - Main Techniques

Produced from Source Data: (Frey et al., 2003; Kavgic et al., 2010; Saltelli et al., 2000)

Following a detailed study of input parameters in building energy models,

Lomas (1992) recommended that DSA was most suitable for evaluating

uncertainty in individual input parameters (local impact), with MCA providing a

better tool for assessing total/overall sensitivity of the model to cumulative
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changes in parameters (global impact). However, whilst the practise of varying

one parameter whilst fixing all others (one factor at a time DSA) is

commonplace in the evaluation of building energy models, there is concern that

this may not provide a reliable assessment of the accuracy of the model (Saltelli

et al., 2010). This is largely due to the assumption within DSA that all inputs are

independent and have no impact upon one another, which is clearly not the

case in the context of building performance (Lomas et al., 1992).

MacDonald (2002) and Booth (2012) have assessed the aspects of building

energy models that may potentially lead to inaccurate analysis of building

energy demands, and suggest that the main areas of concern are:

 Ability of the model to represent reality;

 Accuracy and appropriateness of derived/assumed data in the absence

of true measured data for input parameters;

 Assumptions regarding climate, occupancy and behaviour, system

installations and use;

 Appropriateness of default values, fixed parameters and base

calculations;

 Accuracy of data input; and

 Effect of late design changes on final predictions.

Detailed assessment of the UK BREDEM model has also been undertaken in

response to concerns regarding the robustness of the model, including many of

the issues identified previously in more general studies. Palmer (2012) used a

one at a time DSA approach in order to ascertain the parameters in BREDEM 9

that can have the most significant impact on final outcomes.
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Table 2-1 (Palmer et al., 2012, p. 137) shows, in descending order, the most

influencing factors, ranked using a normalised sensitivity coefficient. These

values reflect the absolute effect of a change in each parameter on the final

calculated energy consumption. For example, a 1°C rise in internal demand

temperature will result in a 1.54% rise in energy consumption. This study

suggests that many of the highest ranking sensitive parameters form part of the

heat losses and ventilation section within the model (as highlighted by shading

in Table 2-1).

Table 2-1 - Significant Parameters Identified in BREDEM 9 Following Differential Sensitivity

Analysis

Source: (Palmer et al., 2012, p. 137)

Input Parameter Initial Set

Value Used

(Ni)

Normalised

Sensitivity

Coefficient

(Si)

Internal Demand Temperature(°C) 19.0 1.54

Main Heating System Efficiency (%) 80.5 -0.66

External Temperature (°C) 7.5 -0.59

Total Floor Area (m
2
) 96.4 0.53

Storey Height (m) 2.5 0.46

Daily Heating Hours (hrs) 11.0 0.27

DHW System Efficiency (%) 76.6 -0.19

Wall U-value (W/m
2
K) 1.2 0.18

Effective Air Change Rate (ach) 1.0 0.18

Wind Factor Parameter 4.0 -0.17

Wind Speed (m/s) 4.8 0.17

Infiltration Rate (ach) 0.8 0.17

Appliances Energy Coefficient (TFAxN) 0.47 0.17

Shelter Factor 0.9 0.16

Main Heating Responsiveness 0.9 -0.15

Total 998 908
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Similarly Quigley (2010), undertook a detailed sensitivity analysis of BREDEM 8

as applied to several case study building scenarios, and concluded that fabric u-

values, air permeability data and heating technologies had the greatest

influence on final outputs. Work undertaken by Firth et al. (2010) also found

that the characteristics of heating systems and building heat losses had the

most impact on energy demands and carbon emissions calculated by a bespoke

base model derived from a BREDEM 8 foundation.

Kavgic (2010) observes that the main limitations of building energy models are

their lack of transparency due to hidden algorithms, inability to alter certain

data inputs and outputs, and uncertainty surrounding assumptions used. The

evidence suggests that, whilst the limitations of BREDEM and subsequently SAP,

are acknowledged, actual quantification of the impact of individual parameters

on final outputs is limited.

Within SAP, there are a large number of input parameters, assumptions and

underlying calculation formulae that ultimately influence the output data. It can

be seen from the studies undertaken to date that fabric heat losses and

ventilation rates are identified as some of the most significant areas of the

model in terms of their ability to affect final energy demand values.

There are a number of key items within the SAP 2009 methodology that

contribute to the calculation of a HLC output value, as shown in Figure 2-12.

This provides a measure of the whole house heat losses in terms of W/K, that is,

the required energy (W) required to heat the building per degree of difference

between the internal and external temperatures (K).

The calculation is derived from BS EN ISO 12831 (Building Standards Institute

(BSI), 2003), where Total Design Heat Loss is equal to the sum of the design

transmission heat loss for heated space (W) and design ventilation heat loss for

heated space (W). Element u-value multiplied by element surface area data

provides a value of fabric heat loss for each aspect of the building (floors, walls,

roof, windows and doors). The contribution of thermal bridging losses,
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background infiltration and additional ventilation losses are summed, together

with fabric heat loss, to calculate the HLC (W/K) under steady state conditions.

This provides a measure of the required energy (W) required to heat the

building per degree of difference between the internal and external

temperatures (K).

Figure 2-12 - Heat Loss Coefficient Calculation - Key SAP Input and Output Data

(Produced by Author)

The HLC is used within SAP methodology to calculate space heating

requirements, which account for two thirds of total energy demand in an

average UK home (as illustrated previously in Figure 1-6). Therefore, this

parameter requires careful calculation in order to accurately predict the energy

consumption of a dwelling. As a benchmark for fabric performance of buildings,

the HLC has been identified as an appropriate means to evaluate thermal

efficiency of housing within this research.
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2.3 Post Construction Assessment

As shown in Section 2.2.2, the evaluation of building energy demand at the

design stage is standard practice and necessary in order to confirm compliance

with minimum building regulations. However, the systematic post construction

evaluation of buildings has not been commonplace historically. This situation is

changing, as the EU Energy Performance of Buildings Directive (as outlined in

Section 1.2.1) now requires demonstration of compliance with minimum

performance standards for all new housing and alterations to existing

properties, including reviews of public housing stock (Bull et al., 2012). Indeed,

the Good Homes Alliance (GHA) is seeking a culture and policy shift in

assessment processes so that the energy demand of a building is defined by

results from post construction evaluation rather than by outputs from design

stage modelling (Good Homes Alliance (GHA), 2012).

Post occupancy evaluation (POE) is a term that is commonly used in relation to

the evaluation of constructed building performance. It can be limited to solely

qualitative analysis, through the use of questionnaires to gather information

from occupants as to their views of the building (Leaman et al., 2010).

Alternatively, it is used to refer to a careful and systematic review of physical

building and systems performance in addition to occupant feedback (Preiser,

1995). The latter approach provides a comprehensive evaluation tool, which

enables a more complete understanding of the strengths and limitations of a

particular building design (Preiser et al., 2004; Stevenson et al., 2008). In the

wider definition of POE, there are a number of techniques that can be used in

order to assess building performance, as illustrated in Figure 2-13.

There is little doubt that to undertake such detailed assessments does require

extensive resources, specialist techniques and knowledge, and involves a

considerable amount of time. The obtrusive and sometimes destructive nature

of some of the testing methodologies is also a barrier to wide-scale use in the

context of mainstream housing projects (Energy Saving Trust (EST), 2005).

Regardless of this, there has been some progress towards embedding POE into
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standard assessment practises for housing in the UK (Energy Saving Trust (EST),

2008c). It is recognised that the information that can be obtained from such a

study can be invaluable to inform designers, constructors and developers as to

the actual as-built performance of a building as compared to design stage

aspirations, in order to inform future projects (Zero Carbon Hub, 2013a).

Figure 2-13 - Comprehensive POE - Techniques Used (Produced by Author)

The focus of this research is related to the physical function of UK housing in

terms of fabric efficiency, and so assessment will be limited to the evaluation of

building fabric through quantitative POE techniques. That is not to say that it is

not recognised that occupant behaviour and interaction with a building and

embedded systems can have a significant impact upon the energy demand and

carbon emissions attributable to a home. Indeed, research suggests that

‘buildings don’t use energy – people do’ (Janda, 2009, p. 1), with the energy

demand of a dwelling of the same design varying by as little as 5% to as much as

over 50% depending on resident usage of systems and appliances (Ajzen, 1985;

Guerra Santin et al., 2009; Sonderegger, 1978).
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However, within the confines of the HLC as a benchmark for fabric performance,

human intervention is not considered and so is not within the scope of this

work. The remainder of this section will discuss the various techniques

commonly used to evaluate the various elements of building fabric

performance.

2.3.1 Evaluating the Physical Construction

In all new housing developments, Building Regulations Part L 2010 requires an

air leakage test to be undertaken on 3 dwellings of each type or 50% of total

number of houses, whichever is less (Department for Communities and Local

Government (DCLG), 2010b, p. 21). In order to comply with minimum standards,

the air permeability must not exceed 10 m
3
/(h.m

2
) @ 50Pa. As a mandatory

requirement, it provides a logical first step in the post-construction

performance evaluation process.

The technique most commonly used to evaluate building air-tightness is the fan

pressurisation method (‘blower door test’), with procedures prescribed by

legislation and best practise (ATTMA, 2010; European Committee for

Standardization, 2007b; International Organisation for Standardisation, 2006).

The basic principle of the test is to seal all ventilation ducts and vents within a

property and then to replace an exterior doorway of the house with a

temporary door that incorporates a fan, as shown in Figure 2-14 (Seacoast

Inspections LLC, 2013).

Depending on whether the fan is operating in pressurisation or depressurisation

mode, it is used to create a slight positive or negative difference between

internal and external air pressures, from a baseline state of 50Pa. The air flow

through the fan is continuously measured, and the relationship between the

pressure difference across the building envelope and rate of air flow required to

maintain a specified pressure reflects the air leakage rate of the property. The

equipment remains in place and several readings are taken at different pressure

levels, with the direction of air flow through the fan being reversed for

depressurisation tests (ATTMA, 2010).
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Figure 2-14 - Air Pressure Testing Process

Source: (Seacoast Inspections LLC, 2013, Web)

There are two main terms used to describe the normalised air tightness

parameters that can be calculated as outputs from the air pressure test, as

defined below (Sinnott, D., Dyer, M., 2012):

Air Permeability (q50) – the volume of air passing through each m
2

of

building envelope, including ground floor area, expressed in m
3
/(h.m

2
)

@ 50Pa

Air Leakage Rate (n50) – airflow at a controlled pressure differential

divided by gross internal volume of the dwelling, expressed in air

changes per hour (ach)

The air pressure test result can be used to calculate both of the above terms

(d'Ambrosio Alfano et al., 2012), but throughout this study evaluation will be

limited to relative q50 values as this is the relevant measure included in the SAP

methodology. It is standard practise for a pressure and depressurisation test to

be undertaken, and an average of the two values taken as the dwelling air
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permeability value. This enables account to be taken of both additional

infiltration due to air being pushed through the fabric, and the sealing effect of

depressurisation (Sinnott, D. et al., 2011).

When a building has been pressure tested, the q50 value can be used directly in

design stage models and DER calculations in order to ascertain compliance with

Building Regulations. However, in the case of a small or repeat developments,

the construction team can opt to avoid the necessity of having to undertake

such tests, at the penalty of using a q50 result of 15 m
3
/(h.m

2
) in the

calculations and evaluation, as long as the DER is still lower than or equal to the

TER declared at the design stage (National House Building Council (NHBC),

2011b, p. 10).

A second technique that can provide a good indication of heat losses from a

building is the use of an infra-red thermographic survey. British Standard EN

13187 (British Standards Institution, 1999) implements the standard for thermal

imaging in relation to building envelopes. However, the methodology does not

extend to include assessment of the amount of insulation or air tightness levels

of a building. The Standards therefore govern the procedure used in order to

assess the presence of air leakage, but an infrared survey cannot provide

information regarding the actual quantitative thermal performance levels of a

building.

An infra-red camera can be invaluable in enabling the evaluation of the

construction of a property beyond that which is visible to the naked eye in a

non-intrusive way with immediate visual results (i.e. details within the external

building envelope/building fabric can be viewed without the need for opening

up) (Titman, 2001). Used alongside standard air pressure testing methods, it is

possible to identify areas of air leakage which can be addressed to improve the

air tightness of a property (Balaras et al., 2002).
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In order to evaluate individual building elements that may be contributing to

unexpected levels of fabric heat transfer, heat flux sensors may be utilised at

specific locations to gain a quantitative measure of conductive heat flow

through, for example, a wall, floor or building junction. The technique is largely

non-intrusive and causes minimal damage, as sensors are simply placed on the

surface of the material, and the output of the sensor is a measurement of heat

flow in W/m
2
K (Doran, 2000).

From this measurement, the in-situ u-value of materials can be calculated when

internal and external temperatures are also monitored. Such information can

be valuable in terms of assessing actual thermal transmittance performance of

materials within the constructed building, whilst taking into account the effects

of thermal mass and environmental conditions (Rye et al., 2012).

2.3.2 Quantifying Whole House Heat Losses

As discussed in Section 2.1.2, heat losses through building fabric can be

extensive and have a significant effect on space heating demand. However, the

evaluation of such losses is not a simple task, and it has been acknowledged

that it is almost impossible to undertake repeatable and reliable in-situ thermal

performance testing of constructed buildings at a macro-level (Judkoff et al.,

2001).

Short term energy monitoring (STEM) tests are the most commonly used

technique, and have been utilised for a number of years in order to assess post-

construction building performance (Wouters et al., 2005). The majority of such

tests that have been undertaken are related to research projects, as the work

involved is time and resource intensive and requires long term access to an

empty property (Department for Communities and Local Government (DCLG),

2011a).

The primary technique used in the UK for as-built thermal performance testing

is the steady state coheating test (Good Homes Alliance (GHA), 2011a). This

methodology was first developed in the USA over 20 years ago (Sonderegger et
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al., 1980), but it is only more recently that a semi-standardised protocol has

been developed by Leeds Metropolitan University (Wingfield, J. , 2011).

Techniques of this type involve using electrical heaters to maintain a constant

internal temperature in a building (Figure 2-15 (Stamp, 2013)), and measuring

the power input of the heaters for a number of consecutive days (Department

for Communities and Local Government (DCLG), 2011a). Generally, a time

period of seven to ten days per test is recommended (Homes and Communities

Agency (HCA), 2010). This minimises the effect of fabric heat storage effects and

stabilises the variation between measured air and radiant temperatures

(Everett et al., 1985).

Figure 2-15 - Principles of Coheating Test Procedure

Source: (Stamp, 2013, Web)

The output from a coheating test is a measurement of the as-built HLC of a

property. As indicated by Johnston (2013, p. 5), the calculation of the HLC can

be undertaken using a rearranged form of the standard heat balance equation

(Equations 2-3 and 2.4).
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芸 + 迎.鯨 = (Ɨ戟.畦+ 1/3券撃ぶく ら劇
芸っら劇 (HLC) = (Ɨ戟.畦+ 1/3券撃ぶЪ迎.鯨っら劇
Where:芸 = Total measured power (W)迎 = Solar aperture (m

2
)鯨 = Total south facing solar radiation (W/m

2
)

Ɨ戟.畦 = Total fabric heat loss (W/m
2
)券 = Background ventilation rate (h

-1
)撃 = Internal volume of the dwelling (m

3
)

ら劇 = Temperature difference between the inside and outside of the dwelling (K)

The total measured power value is recorded directly by a power meter attached

to each heater and fan, whilst internal temperatures and external temperatures

are recorded using thermocouples. The circulation fan is employed in order to

encourage mixing of hot and cold air, in order to prevent stratification and

maintain an even temperature throughout the test dwelling. Individual

thermostats are connected to each heater in order to regulate internal

temperature. Solar radiation is measured either directly by a site-based

pyranometer, or obtained from a local weather station data. The analytical

techniques only require input of the south facing solar radiation values,

although, depending on the orientation of the building, this could

underestimate the overall impact of solar gains to the east and west elevations.

The raw data from the coheating test provides a measurement of the total heat

input from the heaters required to maintain a uniform internal temperature.

However, the effect of solar gains needs to be accounted for, as less power may

be required to heat the dwelling on days with high levels of solar radiation

(Jenkins et al., 2013).

There are several techniques that are commonly used to assess the effect of

solar gains on the whole house HLC. The Siviour Method is a linear regression

Equation 2-4 � Rearranged Heat

Balance Equation (Calculation of

HLC (W/K) (Johnston, 2013, p. 5)

Equation 2-3 � Standard Heat

Balance Equation (Johnston,

2013, p. 5)
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method, presented by Siviour over twenty years ago. The parameter 芸っら劇 is

plotted against 鯨っら劇 in order to obtain the solar aperture (迎 in m
2
), which is

represented by the slope of the line. The y-intercept is equal to the total solar

corrected HLC (W/K) (Siviour, J., 1981).

A modified version of this methodology, referred to as thermal calibration and

shown in Equation 2-5 (Johnston, 2013, p. 6) was developed by Everett (1985)

in order to isolate floor heat loss values where this building element was

considered to have different thermal properties to the rest of the dwelling

(such as a solid concrete slab foundation).

芸 ど Fっら劇 - 1/3券撃 (HLC) = Ɨ戟.畦 Ъ迎.鯨っら劇
Where F = Total Ground Floor Heat Loss (W)

When the data is plotted using this technique, the slope of the line represents

solar aperture (迎 in m
2
), while the y intercept equals the total solar corrected

HLC (W/K), excluding ground floor heat losses.

When it is not possible to determine the solar aperture through use of either

Siviour or thermal calibration analysis, it may be appropriate to obtain this

value through either manual or computer-aided calculation. This requires

information relating to total glazing area, and values of solar transmittance,

solar access factor, frame factor and average incidence factor. The solar

aperture value can be used with the mean solar radiation data to calculate

mean solar gains in order to adjust the measured raw power input. The

corrected data can be used to calculate the solar corrected HLC through linear

regression (Johnston et al., 2013).

Equation 2-5 - Thermal Calibration

Equation (Adjusted Calculation of

HLC W/K) (Johnston, 2013, p. 6)
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Multiple regression analysis provides an alternative to simple linear regression

techniques, and can be used to obtain solar aperture data. Solar gains and

temperature values are regressed against raw power input in order to obtain

the solar aperture, represented by the y intercept in the resultant statistical

tables. As in the methods described previously, the solar aperture and solar

radiation data is used to calculate solar gains, which are then added to the

measured raw power input in order to obtain the total HLC through linear

regression (Lowe et al., 2007). Other influential independent factors, such as

rainfall and wind velocity, can also be included in the multiple regression model

in order to evaluate their effect on the HLC value.

In all of the methods described, the calculated solar aperture (迎) value is

applied to the solar radiation data in order to obtain a value in watts for solar

gains to the property. The original value of measured power (芸) is then

adjusted to reflect the true amount of electrical power required to heat the

property, through addition of the solar gains value. This can be of particular

importance when undertaking coheating tests in the autumn and spring months,

when levels of solar irradiance could potentially be high and may significantly

reduce the amount of energy required by heating to maintain a constant

internal temperature (Miles Shenton et al., 2010).

In a study of the reliability of coheating test measurements, Bauwens (2012)

found that multiple regression provided the most reliable technique in order

determine solar aperture. This was due to the ability of the statistical model to

allow for experimental error in all of the variables. The work also provided

evidence that the HLC generated as a result of the coheating test and multiple

regression analysis was reliable, when it is assumed that 鯨 ;ﾐS ら劇 are

independent variables and a zero x/y intercept is used when plotting the data.

However, when setting the intercept at zero, this reflects a situation where

there is no power input and no difference between external and internal

temperatures. In reality, this relationship is not strictly linear due to factors

such as thermal lag in the building fabric and night time heat dissipation/cooling
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strategies, which could mean that even when there is no power input, there

may be a difference between internal and external temperatures (Bauwens et

al., 2012).

An alternative methodology to the coheating test is The Primary and Secondary

Terms Analysis and Renormalisation (PSTAR test). This is a slightly different

whole house heat loss analytical technique, which utilises the steady state

coheating test within its methodology. It was developed by the US National

Energy Research Laboratory (formerly the Solar Energy Research Institute) in

the 1980’s, and detailed explanation of the process is given in publications by

the institution (Subbarao, K. , 1998; Subbarao, K. et al., 1989; Subbarao, K. et al.,

1998).

In simple terms, a model is constructed using energy simulation software and

information collected relating to the building construction and location/position.

Data relating to building permeability, heat flows through building elements

and thermal bridging is obtained through experimentation, followed by a short

term heating test and cooling down period. The data collected is used in linear

regression techniques to renormalize the building heat flows within the original

model developed for the building. Alongside total HLC and solar aperture values,

the method also accounts for thermal mass effects (Carrillo et al., 2009).

There are three types of ‘term’ defined within the methodology, as shown in

Figure 2-16, which are used to realign the standard heat loss equation

parameters into a renormalized form that represents the performance of the

building under assessment.
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Figure 2-16 � Summary of Key Terms and Equations in PSTAR Methodology

(Produced by Author Based on Palmer et al. (2011))

The renormalized parameters (represented by ‘p’) are those that commonly

contribute to the lack of agreement between the building model and test

results, and are calculated using statistical linear least squares fit analysis (linear

regression) (Chun et al., 1997). The test has been shown to be repeatable and

predictable and to give reasonably accurate results (Burch et al., 1989).

In a study undertaken to compare the PSTAR and steady state coheating test

methodologies, a 30% difference between the HLC values calculated using each

technique was noted (Palmer et al., 2011, p. 61). This was partly explained by

differences in the state of the property tested due to a year-long interval

between the two tests, but also due to the impact of changing thermal

conditions that are taken into account in the PSTAR test and not in the

coheating test. The research concluded that the coheating test provided a

steady state HLC that has characteristics similar to that derived from models

such as SAP, and therefore can be used to evaluate design/construction

conformity and compliance. The PSTAR test HLC is more comparable to dynamic

thermal modelling outputs, as it accounts for the effect of thermal mass.
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Whilst it is acknowledged that the PSTAR testing methodology is rigorous and

provides a good indication of whole house heat losses, the coheating test

protocol has been selected for use in this research. This is largely because the

majority of the studies completed in the field of housing performance in the UK

have utilised this technique, and so there is more comparative data and analysis

available relating to this method. It also provides a HLC value that can be used

for comparison with steady state design stage outputs such as those derived

from SAP.

2.3.3 Systems Analysis (MVHR)

In order to achieve high levels of thermal performance and the upper levels of

SAP ratings, many zero carbon homes may rely heavily on the integration of

renewable energy systems and technologies (Kelly, S. et al., 2012). These could

range from power generating systems, such as photovoltaic arrays and wind

turbines, through to heating technologies such as air source or ground source

heat pumps and combined heat and power systems. However, such innovations

tend to be in addition to good fabric performance, and are considered after the

fabric heat losses of a dwelling have been ascertained (Osmani et al., 2009).

A less visible and yet essential technology that is considered within the early

stages of building energy modelling is the ventilation system. It is critical that air

change rates are evaluated in order to ensure sufficient supply of clean air and

adequate removal of stale air. Where background infiltration rates are minimal

and a natural ventilation strategy is not feasible, a system such as a

mechanically ventilated heat recovery (MVHR) system may be required.

Analysis of systems performance within this study is therefore limited to MVHR,

as the main scope of the work is to assess the thermal performance parameters

within SAP, which is limited to ventilation strategy.

A suitably designed, installed and commissioned MVHR system is able to

recover heat from extract air and use this to preheat supply air into a dwelling.

It therefore has the capacity to enable energy savings, as offset against the

power required to function (Banfill et al., 2011b). Air tightness is a fundamental
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requirement for efficient operation, as the control unit will be set to maintain a

specified air change rate for a property. This is calculated in order to maintain a

balanced environment, with no pressurisation or depressurisation effects that

may lead to increased air movement through the building fabric (White et al.,

2013).

The effectiveness of an MVHR system is directly dependent upon achieving the

optimum fan and heat recovery unit efficiencies, balanced flow rates, and

building airtightness (Banfill et al., 2011b). Correct installation and

commissioning of an MVHR system is essential to ensure that it works

efficiently, and provides the correct levels of supply and extract air to maintain

a healthy living environment. The extract flow rate for a continuous ventilation

system must comply with UK Building Regulations Part F requirements, as

detailed in Table 2-2 (Department for Communities and Local Government

(DCLG), 2010a, p. 19).

Table 2-2 - Building Regulations 2010 Part F Minimum Extract Ventilation Rates

Source: (Department for Communities and Local Government (DCLG), 2010a, p. 19)

The commissioning process requires assessment of system flow rates and

balancing of the supply and extraction of air in a property. An anemometer is

placed over each supply and extract vent, and adjustments made until the total

dwelling supply and extract flow rates balance, whilst ensuring minimum

acceptable air flows are retained in each individual room (Department for

Communities and Local Government (DCLG), 2011c).
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In terms of assessing the efficiency of the heat exchanger in the control unit,

temperature efficiency is commonly used as a performance indicator (Nicholls,

2008), as defined in Equation 2-6 (Lowe et al., 1997, p. 35).

。t = T2 - T1 / T3 - T1

Where:

。t = Temperature Efficiency of the MVHR System

T1 = Temperature of Intake Air (°C)

T2 = Temperature of Supply Air (°C)

T3 = Temperature of Extract Air (°C)

An additional assessment of system function can be obtained through use of

the Coefficient of Performance (COP). This is a comparative measure of the heat

output as compared to energy input and can be calculated using Equation 2-7

(Lowe et al., 1997, p. 36).

COP = (msC(T2 - T1)) /p

Where:

COP � Coefficient of Performance of MVHR Unit

Ms = Supply Mass Flow Rate (kg/s)

C = Specific Heat Capacity of Air (J/kgK)

T1 = Temperature of Intake Air (°C)

T2 = Temperature of Supply Air (°C)

P = total power input to system (W)

Equation 2-6 - Temperature Efficiency of

MVHR System (Lowe et al., 1997, p. 35)

Equation 2-7 - Coefficient of Performance

of MVHR System (Lowe et al., 1997, p. 36)
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Assessment of both temperature efficiency and COP requires additional

instrumentation to be installed, namely temperature probes or thermocouples

within supply and extract ductwork and a power meter to monitor energy

consumption of the MVHR control unit. In terms of evaluation of the resultant

data, higher temperature efficiencies should occur as flow rates are reduced,

but this can result in a lower COP being achieved (Lowe et al., 1997).

2.4 Conclusions

The area of building energy performance is complex and multidimensional, as

demonstrated by the considerable amount of literature contained within this

chapter. It can be seen that the materials and systems incorporated into a

dwelling can have a significant impact on energy consumption and carbon

emissions. In particular, designing and constructing an airtight building

envelope should be of primary concern as it is the source of the majority of heat

loss pathways in a property. This would appear to justify both the current

Government focus on fabric first solutions, and the limitation of this study to

evaluation of the thermal performance aspects of housing.

Within both design stage modelling techniques and post-construction coheating

fabric testing, the HLC provides the primary measurement of whole house heat

losses. Other building evaluation techniques, such as standard air pressurisation

testing, thermal imaging and localised heat flow monitoring using heat flux

sensors, can be used to isolate areas of poor performance which could impact

upon the ability of the design stage prediction to correspond with as-built data.

Analysis of systems within this research project will be limited to the evaluation

of MVHR performance. This is primarily due to the focus of this study on

thermal performance and the first module of the SAP methodology. As

explained in Section 2.2.2, ventilation strategy is the only factor included in

initial stages of the assessment protocol that directly considers integrated

systems.
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Considerations such as sources of space and water heating, lighting, renewable

fuel sources (biomass and combined heat and power), photovoltaics and solar

thermal collectors are not assessed until after a satisfactory level of building

fabric performance and selection of a suitable ventilation strategy has been

established. The selected properties within this research both have MVHR

systems installed, and so it has been possible to gain information as to their in-

situ performance and the effect of mechanical ventilation on the whole house

HLC.

The use of design stage models and post-construction testing methods enables

the development of a comprehensive picture of the predicted and actual fabric

performance of a dwelling. The HLC of a building can be derived as a direct

output from analysis at both stages, and so provides a consistent indicator of

thermal performance throughout the design and construction processes. This

parameter will be central within this study, and will provide the basis for

quantifiable interrogation of the accuracy and reliability of theoretical and

measured performance data.
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3 THE PERFORMANCE GAP

�I want to do everything to cut bills by making homes in this country the most

energy efficient possible. From today government and industry will be working

hand in hand to ensure new build homes live up to expectations, and drive

energy bills down for consumers�I want to work with industry to improve

standards and performance in practice.�

March 2013 - Rt. Hon Don Foster MP Parliamentary Under-Secretary of State for Department

for Communities and Local Government (2012) and Deputy Chief Whip (2013) (Zero Carbon Hub,

2013c, Web)

With the publication of such aspirations by senior ministers, there is little doubt

that the UK Government has placed significant importance on the development

of legislation, policy and supporting instruments in order to achieve the national

targets of an 80% reduction in carbon emissions by 2050 and 20% decrease in

energy demands by 2020. Buildings, including homes, have a major part to play

in this ambition, as detailed in Chapter 1.

Failure for a home to deliver the expected levels of energy efficiency and

carbon emissions could have potential consequences throughout the whole

supply chain. It makes it difficult to model future national energy supply

requirements with any certainty, may lead to complaints from purchasers of

dwellings, decreases confidence in the construction industry, and ultimately

undermines efforts being made to improve the performance of UK housing in

general (Mhalas et al., 2013).

However, a growing body of research is emerging that suggests that the

theoretical designed and modelled levels of energy demand and carbon

emissions of buildings are not generally being realised in practise (Baker, 2011;

Banfill et al., 2011a; Banfill et al., 2011b; Banfill et al., 2012; Bell, M. et al., 1998;

Bell, M. et al., 2010a; Bordass et al., 2004; Bordass et al., 2001; Brown et al.,

2011; Building Research Establishment (BRE), 2005; Demanuele et al., 2010;

Good Homes Alliance (GHA), 2011a; Johnston et al., 2004; Lowe et al., 1997;

Lowe et al., 2007; Rye et al., 2012; Stephen, 1998, 2000; Warren et al., 1980;
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Webster, 1987; Wingfield, J. et al., 2006; Wingfield, J. et al., 2010; Wingfield, J.

et al., 2011a; Wingfield, J. et al., 2007; Wingfield, J. et al., 2008; Wingfield, J. et

al., 2009; Wood, C., 2013; Zero Carbon Hub, 2010, 2013a; Zero Carbon Hub &

NHBC Foundation, 2013).

The physical process of building homes is an obvious area where faults may

arise, and criticism of the efficiency and structure of the UK construction

industry is not a new phenomenon. Indeed, over 15 years ago, Latham (1994)

and Egan (1998) identified that the construction sector was characterised by an

inherent resistance to change and improvement. Over a decade later, Ryghaug

(2009) reported that these issues still exist, with conservative attitudes and lack

of innovation, alongside a fixation on capital costs (those borne by the

developer rather than the end-user), preventing widespread production of

more sustainable buildings.

When buildings do underperform, it would be unfair to place the entire blame

on those responsible for constructing the final product. Doran (2000) suggests

that there are two key factors that can cause underprediction of energy

demands and emissions; firstly, design models may not represent building

systems accurately, and secondly that a building may fail to be constructed as

specified in the design. This view was supported in responses received from

industry to the 2012 Consultation relating to Building Regulations changes,

which suggested that procurement issues, inaccuracies in design stage models

and overestimation of performance levels in product and system information

could also contribute to an apparent failure to meet expected energy and

carbon savings (Department for Communities and Local Government (DCLG),

2012b).

In can be seen that the underperformance of a dwelling is a potentially complex

matter, and could be attributable to any number of interlinking contributing

factors. It is possible to evaluate the divergence between expected and actual

energy performance of a property, through comparison of data obtained from
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design stage assessments and post construction experimentation and

monitoring. The remainder of this chapter will outline research that has been

undertaken in this area, and reflect upon factors that can lead to the apparent

gap that appears to exist between design stage and as-built data, focussing on

thermal performance.

3.1 Evidence and Contributing Factors

As energy efficiency in housing has become a matter of greater concern, the

amount of research being undertaken in this area has also increased. This

relates not only to the design stage assessment, but also to the post-

construction monitoring of building performance. Indeed, investment and

funding is becoming more widespread in order to investigate the ‘significant

discrepancy between the predicted energy performance of a building (and

hence it’s CO2 emissions) and its performance in practise’ (Technology Strategy

Board, 2011, Web).

Standardised design stage assessments (through use of SAP 2009) and the

emergence of post construction testing techniques are being increasingly

utilised in order to assess the performance of dwellings (De Meulenaer et al.,

2005). However, such detailed monitoring and evaluation studies are largely

confined to houses built specifically for research or demonstration projects

(such as the BRE Innovation Park (http://www.bre.co.uk/innovationpark/) and

the Creative Energy Homes (CEH) at the University of Nottingham

(http://www.nottingham.ac.uk/creative-energy-homes/creative-energy-

homes.aspx)). Other projects involve the construction or modernisation of

homes in conjunction with developers, house builders and other external

parties, which are subsequently inhabited. This leads to a limited amount of

information being publicly available for scrutiny, due to issues of confidentiality

and sensitivity of the data.

In order to gain a deeper understanding of how buildings perform once built as

compared to the design stage, a number of key projects have been undertaken

in the UK as shown in Figure 3-1. The interim findings of an on-going 4 year £8
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million Technology Strategy Board Building Performance Evaluation project

(Technology Strategy Board (TSB), 2013) demonstrate that, of the 13 properties

initially examined, nine did not meet their design-stage thermal performance

levels, and the mean airtightness level measured in-situ was twice that

calculated based on theoretical data (Colmer, 2013). A recent Government-led

project to evaluate the contributing factors to the underperformance of homes

also revealed that design-stage models and post-construction testing require

improvement in order to deliver a sound estimation of housing performance

(Zero Carbon Hub, 2013a).

Figure 3-1 - Timeline of Key Research Relating to Building Thermal Performance

(Produced by Author)



87

The National House Building Council (NHBC) and Zero Carbon Hub (National

House Building Council (NHBC), 2012; Zero Carbon Hub, 2013d) have suggested

several key areas that could be contributing to the discrepancy between

designed and as-built performance, namely:

 Modelling – is SAP and the underlying calculation methodology

sufficiently accurate?

 Input Procedures – could human error, inaccurate data or incorrect data

entry protocols have an impact?

 Building Design – is design information complete and is the design

simple and not challenging in terms of construction?

 The Construction Process – is a suitably skilled workforce available? Are

substituted products of the same standard as the original specification?

 Performance of Individual Materials and Systems– are laboratory test

results for materials and systems being realised in practice?

 Post-construction Evaluation Techniques – are the methods used to test

various aspects of dwellings after construction robust and reliable?

The following sections will provide an overview of the evidence to support the

contribution of many of these aspects to the underperformance of dwellings.

This will be limited to matters relating to fabric performance and will not

consider occupant behaviour, due to the focus of this study being concerned

with building thermal efficiency.
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As Bell (2013) suggests, it is commonplace to criticise end-users when dwellings

use more energy than expected, but this blame may be misplaced if the building

envelope and integrated technology is not performing to base-line design-stage

assessments or standards prescribed by the manufacturer.

3.1.1 Building Air Tightness

As described in Section 2.3.1, currently an air pressurisation test provides the

sole mandatory quantitative measure of compliance of new-build housing with

minimum Building Regulations Part L standards. The value measured on-site is

inputted into the SAP model to obtain a true value of the DER. As such, whilst

public datasets relating to the results of the test are not widely available, this

still forms the most comprehensive basis upon which to compare predicted and

as-built performance of housing. The minimum acceptable standard for

background infiltration is currently 10 m
3
/(h.m

2
) @ 50Pa, which is often

achieved in practise by new build housing. Figure 3-2 (Zero Carbon Hub, 2010, p.

14) demonstrates the shift in compliance with this target, with data from post

2002 (Grigg), 2005 (Stamford Brook) and post-2006 (NHBC).

There is a definite improvement in building airtightness levels after introduction

of mandatory air pressure testing in 2006, from 33% to 3% of houses tested not

meeting the minimum acceptable value. However, whilst compliance with this

standard is now being widely achieved, dwellings will need to perform beyond

this minimum (CfSH Level 3) in order to achieve the high levels of thermal

efficiency required to meet zero carbon performance.
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Figure 3-2 � Mean Air Permeability Distributions

Source: (Zero Carbon Hub, 2010, p. 14)

As such, while a property may achieve compliance with Building Regulations

standards, it could still underperform when comparison is made between the

design-stage and as-built background infiltration rates. Initial results from 13

properties included in the TSB research programme show a measured mean air

pressure test result of 4.1 m
3
/(h.m

2
). When compared to the design stage

predicted mean of 2.1m
3
/(h.m

2
), it can be seen that there is significant

underperformance, largely due to optimistic data being inputted during the

modelling process (Colmer, 2013, p. 9).

In a detailed investigation of 44 houses during the Stamford Brook Project at

Altrincham, Cheshire, the mean air tightness value was calculated to be 4.5

m
3
/(h.m

2
) @ 50Pa (Wingfield, J. et al., 2011b, p. x). This is clearly well within the

limits of Building Regulations compliance, and also compares favourably with

several other studies which recorded mean values of between 6.43 and 11.1

m
3
/(h.m

2
) @ 50Pa (ARUP, 2003; Grigg, 2004; Johnston et al., 2006).
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However, the mean value of airtightness conceals the true performance of the

dwellings under evaluation. Figure 3-3 (Wingfield, J. et al., 2011b, p. 41) shows

the distribution of air tightness results across the 44 dwellings at Stamford

Brook. It can be seen that the data varies from approximately 1.5 to 10

m
3
/(h.m

2
). The design airtightness was set at 5 m

3
/(h.m

2
), and, whilst the mean

value showed an improvement upon this, almost one third of the 44 properties

did not meet this level of airtightness (Wingfield, J. et al., 2011b, p. 41).

Figure 3-3 - Distribution of Air Tightness Values at Stamford Brook

Source: (Wingfield, J. et al., 2006, p. 41)

This situation is not uncommon, as demonstrated in results reported by other

studies. The BedZed development of 82 mixed type dwelling, located in

Hackbridge, London and designed to perform to net zero carbon levels, had

airtightness results three times greater than the design air permeability target

of 2 m
3
/(h.m

2
) (ARUP, 2003, p. 5 & 11). At Elm Tree Mews, a project situated in

York involving 6 dwellings built to meet CfSH Level 4 standards, the mean

airtightness value achieved was 7 m
3
/(h.m

2
), over twice the design stage

calculation of 3 m
3
/(h.m

2
) (Wingfield, J. et al., 2011a, pp. 13, 27 & 28).
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All of these examples demonstrate that a minimum airtightness compliance

target of 10 m
3
/(h.m

2
) is achievable, and is improved upon in many cases.

However, this could be disguising a greater issue, concerning the failure of

constructed dwellings to meet design stage air tightness values. Where research

has allowed, investigation using thermal imagery has highlighted a number of

key areas that could contribute to the divergence in performance. These include

(Johnston et al., 2006; Wingfield, J. et al., 2011b):

 Complexity of design details and the continuity of the air barrier;

 Lack of attention to junctions between walls and ceilings;

 Poor seal to service penetrations;

 Poor seal around windows and doors; and

 Integration of trickle vents.

The observed defects outlined above correspond largely with those identified as

key air leakage pathways in Building Regulations guidance and best practise

documents. The general advice given is that the design should incorporate a

continuous barrier to air movement that maintains constant contact with the

insulative layer (Department for Communities and Local Government (DCLG),

2010d). Government departments and the BRE provide further guidance for

achieving air tightness, as follows (Department for Environment Food and Rural

Affairs (DEFRA), 2001; Stephen, 2000; Stevenson et al., 2008):

 Avoid complex detailing to achieve an airtight envelope;

 Avoid designs that may be difficult to construct;

 Pay attention to joints between building components;

 Carefully integrate components and openings in elements;

 Seal all service penetrations through the building envelope and

elements;

 Close off all ducts at all open ends;



92

 Apply draught proofing measures to loft hatches, windows and doors;

and

 Ensure attention is paid to less obvious sources of air leakage, such as

behind fixings and cupboards.

Whilst the construction of a building may generate areas of unaccounted air

leakage, the design stage model could also contribute to the apparent lack of

as-built performance. Within the SAP methodology, there are two ways in

which the background infiltration rate of a building can be calculated. The first

is based upon a series of inputs relating to:

 Number of chimneys, open flues, intermittent fans, passive vents and

flueless gas fires;

 Number of storeys in the dwelling;

 Type of construction (steel frame, timber frame or masonry);

 Presence of sealed or unsealed wooden floors;

 Presence of a draught lobby; and

 Percentage of windows and doors draught stripped.

If this approach is used, standardised inputs are used to calculate infiltration

rate based upon the data entered for each parameter. This provides a rough

indication of the infiltration rate, before a factor is applied to reflect the

number of sheltered sides to the property and ventilation strategy is taken into

account.

Alternatively, an air pressure test result (assumed or measured) can be used to

calculate infiltration. The value from the test certificate can be entered directly

into the model, but has to be converted from infiltration at 50pa to an

operational infiltration value. Sherman (1987), developed a rule-of thumb

equation in order to make this conversion, as shown in Equation 3-1 (Jones et

al., 2012, p. 1):
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V1 = V50 /N

Where:

V1 = Operational Infiltration Rate (m
3
/s)

V50 =Air Leakage Value from Air Pressure Test (m
3
/s)

N = a nominal value

In practise, a value of 20 is most often used for N, assuming a linear relationship

between the q50 test result and annual infiltration rates (Jones 2013). This

converts the q50 data into units of ACH relevant in ambient environmental

conditions. However, Sherman also developed a series of adjustments in order

to account for dwelling height, shelter/exposure, type and size of air leakage

pathways, and environmental factors (Berge, 2011), as detailed in Equation 3.2

(Minch, 2011, p. 7).

V1 = V50

(CxHxSxL)

Where:

V1 = Operational Infiltration Rate (m
3
/s)

V50 =Air Leakage Value from Air Pressure Test (m
3
/s)

C = Leakage Infiltration Ratio (Climate Dependent)

H = Height Correction Factor

S = Wind Shielding Correction Factor

L = Leakiness Correction Factor

The SAP methodology does not expressly employ the latter stages of Sherman’s

calculation technique. Within the SAP methodology, the ‘divide by 20 rule’ is

used to obtain a baseline measure of infiltration, which is then modified via

data inputs to reflect the factors outlined previously (chimneys through to

Equation 3-1 � Simplified Sherman

Leakage -Infiltration Ratio (Jones et

al., 2012, p. 1)

Equation 3-2 � Detailed Sherman Leakage

-Infiltration Ratio (Minch, 2011, p. 7)
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ventilation strategy) before application of an adjustment is made for level of

exposure/shelter (BRE 2013, DECC 2011).

Therefore, there is some concern as to the ability of the simplified equation to

accurately reflect background infiltration rates in energy models, although

research in this area is currently limited (Jones et al., 2012). Whilst such an

approach could be criticised for being imprecise, it does avoid the requirement

for detailed dynamic modelling each time a building design is altered (Sherman,

M., 1998). Further investigation into the sensitivity of HLC values to this

parameter will form part of this research.

3.1.2 Fabric Heat Losses

As discussed in Section 2.3.2, the coheating test methodology is currently the

most commonly used technique in the UK to assess the as-built HLC in order to

calculate whole house fabric heat losses. Much of the work undertaken in this

field has been limited to specific research projects, due to length of time

needed to obtain reliable data from the tests, and the requirement for access to

unoccupied dwellings whilst the experiment is in progress (Department for

Communities and Local Government (DCLG), 2011a).

The extent of publicly available coheating data is not extensive, but the number

of tests that are being undertaken is increasing due to the recognised need to

investigate post-construction performance. The data shown in Figure 3-4

(Stafford, A. et al., 2012, p. 8 & 9) is some of the most comprehensive published

to date, and relates to tests undertaken by Leeds Metropolitan University.

It can be seen that the majority of the test properties showed failure to meet

the design stage calculated HLC, with the discrepancy against measured HLC

values ranging from approximately 5% to 125% over predicted data. Bell (2013)

later reported on the work completed by Leeds Metropolitan University,

indicating that the number of coheating tests completed had exceeded 50 in

number, and the full sample showed a similar range of design stage/post-

construction HLC disparities as that displayed in Figure 3-4.
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Figure 3-4 - Measured and Predicted Whole House Heat Loss (Difference in % Terms &

Absolute W/K Values)

Source: (Stafford, A. et al., 2012, p. 8 & 9)



96

With regard to the four dwellings that showed an improvement in measured

HLC when compared with expected values, Stafford (2012) does include a word

of caution. Two of the tests were undertaken on existing dwellings, and so

confidence in the predicted HLC is not high due to a large amount of assumed

data being included in the SAP model. The other two highly performing houses

achieved these results after intervention to rectify observed heat loss pathways,

and so are not truly representative of the level of performance gap originally

observed.

Thirteen properties included in the initial analysis of the TSB Building

Performance Evaluation Project displayed measured HLC values ranging from 41

W/K to 221 W/K, with the lowest values observed in PassivHaus projects. Whilst

four of the dwellings had HLC values that were lower than the design stage

calculation, the mean measured HLC value was 98.8 W/K as compared to a

predicted mean of 83.6 W/K. Even this value disguises the true performance

gap of some of the properties, with a difference of up to 60% being recorded in

one case (Colmer, 2013, p. 8).

Other work exists that strengthens the evidence of a gap between designed and

as-built fabric performance. A study of four homes (Good Homes Alliance (GHA),

2011a, p. 17), all designed to achieve CfSH Level 4, or higher, showed a gap of

between -1% (for a CfSH Level 5 home) up to +29% (for a timber framed CfSH

level 4 property). Johnston (2013, p. 1) presents evidence based on three

separate PassivHaus compliant dwellings, where the measured HLC is greater

than the predicted HLC in all cases, but the difference is only a matter of 8 W/K.

Guerra-Santin (2013, p. 36) observed an increase in measured HLC above

design-stage HLC values for two PassivHaus compliant properties, with

predicted and actual values being 53.3 W/K vs 62 W/K and 34.1 W/K vs 45 W/K

for each dwelling respectively.

It should be noted that the measured heat losses in both of these studies were

actually still very low, so in absolute terms the maximum difference between

the modelled and coheating test data was not as large as for some of the
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properties with lower percentage gap results reported in the study by Stafford

(2012). To enable fairer comparison between properties, it is possible to use a

value of heat loss parameter (HLP). This essentially takes the HLC value divided

by dwelling floor area in order to calculate a normalised effective whole house

u-value measured in W/m
2
K (Sutton et al., 2012). However, few studies to date

have presented their results based upon this indicator of performance.

In some cases, the findings from the coheating test have prompted further

investigation as to the lack of agreement between the design stage and post

construction HLC values. At Elm Tree Mews, the design stage HLC was

calculated to be 127.5 W/K, yet the measured value was over 50% higher than

this at 196.4 W/K, and when ventilation losses were discounted, the fabric heat

loss only divergence was almost 70% (Wingfield, J. et al., 2011a, p. 33). An

analysis of factors contributing to the performance gap revealed that there

were several factors influencing either the predicted or measured HLC, namely

(Bell, M. et al., 2010b, p. 2):

 23% contribution: underestimation at design stage of extent of timber

used in roof and wall construction;

 25% contribution: inaccurate calculation of thermal bridge effects;

 30% contribution: lack of awareness of party wall thermal bypass

mechanism;

 21% contribution: change of window supplier and no account taken of

change in specification.

A similar investigation was also undertaken relating to the data from the

Stamford Brook project. Six dwellings were tested, and the difference between

calculated and measured HLC ranged from 75% - 103% (Wingfield, J. et al., 2008,

p. 40). Two of the properties were analysed closely, revealing a 46 W/K absolute

disparity between the two values. Approximately 43% of this unexpected heat

loss was attributed to the presence of a party wall thermal bypass mechanism
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(identified through use of thermal imaging), whilst one third was considered to

be due to complex joints in the building construction and consequent increases

in thermal bridging calculations. The remaining additional heat loss could not be

accounted for, but could be due to background ventilation losses and air

movement in the building fabric (Wingfield, J. et al., 2011b, p. 45).

The research undertaken in both of these studies has been invaluable in

isolating the effects of a party wall bypass as a key heat loss pathway. The

mechanism was observed to be attributable to air movement in the cavity,

caused by stack effects and conduction, and external wind effects around the

building. Conduction occurs as air moves through the party wall into the cavity

from heated living areas, and the warm air then moves upwards in the cavity

and disperses into the roof space (Lowe et al., 2007). Figure 3-5 illustrates this

concept (Wingfield, J. et al., 2007, p. 6).

Figure 3-5 - Schematic Showing Cavity Wall Thermal Bypass Mechanism

Source Data: (Wingfield, J. et al., 2007, p. 6)
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Whilst the possible presence of this mechanism had been acknowledged

previously (Harrje et al., 1985; Siviour, J. B., 1994), the Stamford Brook project

provided an opportunity to gain full quantitative data in order to understand it

further. In masonry dwellings, the effect of the bypass resulted in a measured

fabric HLC that was almost twice the magnitude of the design stage value,

although this was mitigated through use of an insulated sock placed at the top

of the party wall cavity (Wingfield, J. et al., 2009). The timber framed dwellings

showed a difference of up to 12% between predicted and actual HLC data,

which was largely eliminated when the party wall was filled (Wingfield, J. et al.,

2010, p. 17).

The findings were of significance, as at the time the conventions in the effective

versions of SAP and Building Regulations Part L (SAP 2005 and Part L 2001) did

not recognise heat losses through the party wall. However, the evidence was

presented and amendments were subsequently made to SAP 2009 and Building

Regulations Part L 2006 to allow input and calculation of a party wall u-value

rather than a blanket assumed value of zero, alongside enforced additional

requirements for party wall design and construction standards (Stafford, A. et

al., 2012).

In addition to party wall u-value inaccuracies, the performance of building

elements such as envelope materials, windows and doors can also impact upon

the level of heat losses through the building fabric. Investigation relating to in-

situ u-value measurements has been on-going for a number of years, with

deviations in construction u-values ranging from 30% to over 160% as

compared to that stated by the manufacturer and therefore used in design

models (Siviour, J. B., 1994; Wingfield, J. et al., 2011a; Wingfield, J. et al., 2008;

Zero Carbon Hub, 2013a).

Baker (2011) undertook in-situ u-value measurements on 57 different wall

constructions, utilising heat flux sensors to measure heat flow through the

material under consideration and temperature sensors to monitor internal and

external temperatures. The study found that 44% were lower, 42% were
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approximately equal to, and 14% were higher than, the calculated value (Baker,

2011, p. 24). Doran (2000) examined 29 separate building elements in order to

assess the standard protocols for calculating u-values (Building Standards

Institute (BSI), 2008a) and reasons for divergence between calculated and

measured performance. It was observed that the calculation methodology

underestimated heat losses by up to approximately 30% (Doran, 2000, p. 25).

Error sources in the testing equipment and process included:

 5% - Heat flow meter calibration issues;

 5% - Thermal storage effects;

 2% - Physical in-situ use;

 3% - Accuracy of temperature difference related to data logging

resolution;

 10% - Repeatability and reliability of achieving good thermal contact

between sensor and element under investigation.

The study concluded that a total random error of 13% could be affecting each

individual u-value measurement, which is not an insignificant level of

uncertainty (Doran, 2000, p. 82). In addition, concern has been raised that the

lack of agreement between the two values could be compounded by poor

workmanship, as the design u-value is based on tests undertaken in laboratory

conditions rather than following installation in a dwelling, and so no account is

made for gaps in insulation layers or thermal bridge effects (Zero Carbon Hub,

2013b).

Substitution of products in the final building construction with no later

adjustment of details made in the model has also been identified as a point of

concern (Dowson et al., 2012). Construction type can also affect the reliability

of data, with timber framed buildings showing closer agreement between the

designed and construction u-values than more traditional types of construction

(Doran, 2000; Hens et al., 2007). Whilst Guerra-Santin (2013) observed
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agreement between design and measured u-values, the question was raised as

to how useful post construction testing of u-values would be if the fault does lie

in design stage calculations, as this would be difficult to remedy once the

dwelling is constructed.

Whilst post-construction testing techniques such as elemental u-value analysis

and coheating tests can be invaluable in terms of evaluating key indicators of

thermal performance, there are also limitations to their widespread use. As

outlined in Section 2.3.2, the coheating test requires there to be a relatively

large temperature difference between the inside and outside of a dwelling,

which currently limits the testing period in the UK to the winter months

(National Physical Laboratory (NPL), 2012). The effects of solar radiation on test

results also needs to be considered, which again could mean that tests

undertaken in the summertime may not provide reliable data.

This raises questions over the suitability of the procedure for wide-scale testing

as standard, as the completion of developments is not limited to the same time

periods as the coheating test methodology. Therefore, it would potentially not

be feasible to use the process as it currently stands due to the impact it would

have on the supply chain and workflow (Zero Carbon Hub, 2010).

Concerns have also been raised over the ability of existing whole house and

elemental thermal performance tests to deliver consistently reliable data

(Wingfield, J. et al., 2011b; Zero Carbon Hub, 2013a). The BRE undertook an

extensive programme of research, in which coheating tests were undertaken

consecutively by seven different project partners on a single property, whilst an

adjacent identical dwelling was coheated continuously using a consistent

technique and equipment set-up. The aim of the study was to investigate the

impact of variations in coheating test methodology on the outcomes of the

experiment.
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The main conclusion from the work was that, while results did differ due to

slightly different practical approaches, the analysis and interpretation of output

data presented a more significant area of divergence (National House Building

Council (NHBC) Foundation, 2013) This finding agreed with previous work,

which observed that a lack of standardisation in approaches to coheating test

data analysis, mainly in relation to methods employed to make adjustments for

solar gains and the treatment of background infiltration rates, could lead to

high variances in HLC data (Sutton et al., 2012).

3.1.3 Installed Systems – MVHR

With an increased design focus on air tightness to achieve energy efficiency and

carbon reductions, it is probable that the use of MVHR systems will begin to

replace more traditional background infiltration and natural ventilation

strategies. It is essential to obtain a minimum whole house background

ventilation rate of between 0.5 and 1.0 ACH in order to maintain a healthy

indoor environment (Department for Environment Transport & the Regions

(DETR), 2005, p. 4).

Concern has been raised regarding an apparent underperformance and the

limited research that has been undertaken into the correct application of this

type of technology and the factors that can prevent it from functioning

efficiently (Zero Carbon Hub, 2012c). It has been recognised that MVHR systems

need to be designed and installed correctly (National House Building Council

(NHBC), 2013), yet the limited number of studies that have been undertaken in

this area show that this is not always the case (Good Homes Alliance (GHA),

2011b).

In a study of two PassivHaus compliant dwellings, several issues were identified

relating to the MVHR installation, such as incorrect positioning of the control

unit and ductwork (Guerra-Santin et al., 2013). A study of five CfSH Level 4

homes also found similar issues. Evaluation showed that the MVHR air extract

rate did not meet Building Regulations Part F minimum standards in any of the

cases, and only one of the systems was correctly balanced at all fan speeds. In
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addition, the heat recovery temperature efficiency was measured to be half

that stated by the manufacturer (maximum value of 47% compared to

manufacturer literature which indicated 89% efficiency) (Haynes, 2013, p. 46).

Recent work involving the installation of MVHR system in 10 CfSH Level 6

properties at Greenwatt Way, Chalvey, Slough, revealed a number of areas

where installation and commissioning was not of a satisfactory standard. The

system throughput rate was specified by the designer and manufacturer as

being 29 l/s in all cases, but measured data showed values ranging from 13 l/s

to 33 l/s, depending on dwelling type (Dengel et al., 2013, p. 19). Power

consumption of the units was found to be high, due to incorrect humidity and

temperature settings within the system causing them to operate almost

constantly at boost levels. Low insulation levels, poor siting of ductwork and

outlets, and inexperience/lack of communication between the design and

installation teams, all led to low levels of measured efficiency and performance

(Dengel et al., 2013).

A detailed evaluation of MVHR systems retro-fitted into 12 Local Authority

dwellings at Derwentside, County Durham, discovered a number of deviations

from the intentions of the designer and manufacturer as compared to the fitted

systems. The systems were found to be unbalanced, with measured data

showing examples of both oversupply of fresh air and excessive extract rates.

All of the units were found to have a whole house air throughput rate below the

0.5 ACH stated by the manufacturer (Lowe et al., 1997, p. 33). One of the

properties was found to have a temperature efficiency of only 41%, less than

half of that included in manufacturer literature, and Coefficient of Performance

values ranged between 2.5 and 11 (Lowe et al., 1997).

The limited case study examples clearly illustrate the impact that poor

installation and commissioning can have on MVHR system performance. In

order to attempt to rectify the issues relating to the design, installation and

commissioning of MVHR systems, the NHBC has developed a best practise guide

that will be effective from 2014 (National House Building Council (NHBC), 2013).
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However, whilst the publication of minimum standards may result in an

increase in MVHR performance, the design stage SAP methodology could still

undermine this initiative. Values relating to system performance, such as

specific fan power and efficiency in-use factors, and details held in the

supporting database of information relating to different systems, are based on

specifications and data provided by manufacturers that is obtained in optimum

laboratory conditions (Todd, 2001). As found in a study by the BRE, in the

system under consideration the fan power was given by the manufacturer as

25%, but measured values after installation were found to be up to 66% greater

than this (Zero Carbon Hub & NHBC Foundation, 2013, p. 40).

Another assumption within the SAP methodology that could be questioned

relates to ventilation calculation, where a default value of 0.5 ACH is used with

respect to air throughput through the mechanical system, in addition to

background ventilation. The AECB (2009) studied the use of SAP methodology

as applied to different theoretical ventilation strategies in a model constructed

for a PassivHaus compliant dwelling. The data showed that the assumption of

0.5 ACH appears to penalise the use of MVHR, as the model uses the same

baseline ventilation rate for MVHR and natural ventilation simulations. In a true

situation this would not generally be the case (Crilly et al., 2012). In addition, air

throughput values can vary once systems are installed and commissioned, and

so the assumption of a fixed rate in the model could result in an apparent

performance gap that is actually being caused by incorrect input data (Lowe et

al., 1997).

3.2 The Role of Design Stage Assessments

Concerns regarding the appropriateness and ability of the SAP methodology to

produce an accurate indication of building energy demand and carbon

emissions have been expressed for a number of years. Bordass (2001, p. 115)

recognises that often there is “very little connection between the values that

tend to be found in completed buildings and the assumptions made in design

estimation and computer models”.
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In an interim publication resulting from an on-going study into the performance

gap, it was recognised that, whilst the building physics base within SAP is valid,

there is still a need to investigate the inputs and assumptions within the model

in order to improve the accuracy of output data (Zero Carbon Hub, 2013a).

Consistency and quality control in use of modelling software and full integration

into the design process are also areas which could be targeted in order to

improve the reliability of results (Raslan et al., 2009).

Several studies have highlighted that quality of input data, alongside equations,

calculations and assumptions embedded within the SAP methodology, can have

a significant effect on the outputs of the model. Indeed, it is becoming more

accepted that inaccurate assessment of ventilation and thermal mass could be

key contributing factors in the discrepancy between designed and as built

performance, which is then compounded by further technological issues

(MacDonald, 2002; Menezes et al., 2012; Quigley, 2010; Zero Carbon Hub,

2013a). The remainder of this section will evaluate the main areas where error

and underlying assumptions and calculations could have a large impact on the

calculated HLC value.

3.2.1 Data Inputs

�You can get worse answers if you collect more data than if you just make

reasonable default assumptions. These detailed models are precise but not

accurate � so they miss the target. The simplified models are accurate but not

precise. It is better to be approximately right than precisely wrong� (Holladay,

2012, p. Web). Whether this stance is universally accepted or not, it does offer

an alternative viewpoint to the more commonplace contention that

assumptions within energy models are not useful in predicting energy

consumption.

The SAP methodology consists of the front-end worksheet where data is

inputted, supported by a series of Appendices and Tables containing further

information to aid in the population of the required fields. These are

comprehensive and enable estimations to be made in the absence of actual
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design-stage data, and are included in the assessment manual (Department of

Energy & Climate Change (DECC), 2011).

The manual also enables verification of input parameters, which is useful when

using Government approved computer programs, such as SAPPER (developed

by RUSFA – www.rusfa.com) or Plan Assessor National Home Energy Rating

Software (NHER by National Energy Services (NES) – http://www.nesltd.co.uk/),

in which some values are automatically selected (i.e. not visible) depending on

options and details inserted into the software interface. Figure 3-6 identifies

those that are most relevant to building thermal performance.

Figure 3-6 � SAP Methodology - Relevant Supporting Tables and Appendices

(Produced by Author)

At the design stage of a project, a number of assumptions may be made relating

to the values that are inputted, based on the experience of the designer in

terms of materials and systems that they are familiar with using. The

fragmented nature of the process may mean that full consideration is not given

to the interaction between fabric efficiency and building services and

technology. This could result in poor overall integration of these aspects at the

design stage, and later in works programmes, leading to a subsequent adverse

effect on performance (Carbon Trust, 2012).
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The use of assumptions also relies heavily on the competency and knowledge of

the person undertaking the assessment, as what may seem a simple variable in,

for example, orientation or number of sheltered sides of a dwelling, could

impact significantly on later calculations embedded within the model (Kavgic et

al., 2010). Such factors could lead to inadequate predictions of energy demands

and carbon emissions, which remain untested at regular intervals throughout

the design/construction process and are finally manifested in apparent post-

completion underperformance (Carbon Trust, 2012; Menezes et al., 2012; Zero

Carbon Hub, 2010, 2013a).

It would seem that assumptions are useful in terms of making an initial

assessment of probable energy demands and carbon emissions, but the model

should be amended and updated as design details become more robust. Whilst

much of the data contained in the SAP tables and appendices is helpful in

determining an estimate of the performance of a building, sometimes the

original input values may not represent the properties of the materials and

systems included in the final design stage information (Iorwerth et al., 2013).

Bell (2013, p. 8) summarises a number of examples where input data has

affected the outputs of the SAP model, including a review of 82 SAP

assessments where 52 of the final report sheets were found to contain errors.

In this case, when the inputs were replaced with amended details, one fifth of

the properties under examination failed to comply with emissions targets

(Trinick et al., 2009). At Elm Tree Mews, the u-value of a timber frame was

misjudged by over 65% due to use of outline rather than final design stage

details, accounting, in conjunction with similar issues observed within the roof

structure, for almost 25% of the misalignment between design stage and

measured HLC (Bell, M. et al., 2010a, p. 31 & 33). Similar issues can be observed

in relation to installed systems and technologies (White et al., 2013; Zero

Carbon Hub & NHBC Foundation, 2013).
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It would seem logical to ensure that the SAP model for a particular dwelling is

reviewed regularly during the design and construction period, in order to take

account of changes in materials used and specifications of building elements

and systems (Carbon Trust, 2012). However, such a process is not in place,

although it has been recognised that that the introduction of a compulsory

quality assurance procedure would be beneficial in terms of ensuring reliability

of modelled data outputs (Department for Communities and Local Government

(DCLG), 2012b). The communication of design information to the construction

team, and feedback of changes to the design during the construction process so

that details can be adjusted in the SAP model, is necessary in order to obtain a

true representation of the situation (Carbon Trust, 2012).

Menezes (2012, p. 13) observed that when monitored data was used in

conjunction with predictive energy modelling, the actual electrical consumption

of the property under consideration was accurate to within 3% of the calculated

values. At Elm Tree Mews, making changes to design stage parameters by

replacing them with construction stage data resulted in an almost complete

alignment between design stage and as built performance, as shown in Figure

3-7. (Stafford, A. et al., 2012, p. 22).

Figure 3-7 - Elm Tree Mews - Changes Made to Design Stage Data

Source: (Stafford, A. et al., 2012, p. 22)
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During the course of this research project, all of the SAP worksheets examined

have been found to contain input errors, relating to both basic parameters

(measurement of dwelling floor areas and building element areas), and more

complex issues such as incorrect u-values and glazing types. These matters, in

conjunction with potential over-estimation of MVHR system performance

through use of default tabulated values regarding specific fan power and heat

recovery efficiency, will have an effect on the HLC calculated for a dwelling, and

so will be investigated further within this work.

3.2.2 Assumptions

The most frequently challenged assumption within the SAP methodology

relates to weather data. As outlined in Section 2.1, due to the basic laws of

building physics, the temperature difference between the internal and external

environments of a dwelling will have a significant effect on the heating demand

of the property. Solar radiation/hours of sunlight and wind direction/speed will

also impact upon the performance of the building.

However, whilst SAP 2009 has been updated to account for monthly average

external temperatures rather than the yearly average values contained in SAP

2005, the data used for a significant proportion of the calculations is still based

on a single UK monthly average value. The location of this data source is the

East Pennines, as dictated by the underlying BREDEM base model.

A study undertaken by the Zero Carbon Hub (Zero Carbon Hub, 2011b)

attempted to evaluate the implications of using regional rather than national

weather data in calculations. Using the Fabric Energy Efficiency Standards (FEES)

as a benchmark, the same property in the East Pennines, South West, and

Scottish Borders would achieve a FEES result of 46, 38 and 51 respectively (Zero

Carbon Hub, 2011b, p. 37). Murphy (2013a, p. 2) observed that, when modelling

the same building in 14 different locations with correct local weather data, the

calculated energy consumption could vary by +/-15%.
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This demonstrates the sensitivity of the model to environmental parameters,

and the weakness of SAP 2009 in terms of not being able account for the actual

localised weather effects that a dwelling may experience once constructed.

However, the benefits of using a simple single weather data-set approach need

to be weighed against a more localised approach.

Using solely climatic conditions from the East Pennines does enable direct

comparison of projects through normalisation of temperature and solar effects

(Murphy et al., 2013b). However, the impact on large-scale house builders

could be that a single specification of dwelling is no longer appropriate – for

example, a single thickness of wall insulation may produce lower efficiencies in

Northern areas as compared to the South-West, due to temperature and wind

variations and subsequent effects on thermal performance. This introduces the

issue of economic implications for developers (Bergin, 2011).

The changes made to SAP 2012, introduced on the 6
th

April 2014, have included

the use of 21 regional weather datasets, based on postcode, for the calculation

of the Renewable Heat Incentive, dwelling running costs and savings in-use for

display on EPC’s. It will retain a single climate data set to calculate final FEES,

SAP and EI ratings, and hence the building fabric elements of the model will

remain largely unchanged in this respect (National Energy Services (NES), 2012).

Appendix U of the SAP methodology, relating to Climate Data, will be

incorporated into the methodology documentation, to provide monthly

regional values for wind speed, solar radiation and declination, latitude, and a

standard national value of 50m height above sea level. Wind speed will be

incorporated into the infiltration calculations in order to account for regional

variations, but there will be no adjustment for wind direction (Department of

Energy and Climate Change (DECC), 2011d). The rudimentary technique of

merely taking wind speed and dividing it by a value of 4 in order to calculate

wind factor will still be applied, regardless of dwelling orientation.



111

It can be seen that there are weaknesses within the SAP 2009 methodology,

and whilst the amendments that have been introduced in SAP 2012 will rectify

some of the known issues, other aspects will still remain that could affect the

HLC calculation. This study will include an analysis of the potential impact that

areas such as environmental factors, infiltration and ventilation default

calculations/values and accuracy of element u-values may have on the final HLC

value.

3.3 Conclusions

Whilst there is an increasing amount of evidence to support the existence of a

gap between predicted and measured performance of UK housing, it is still an

area where more work is required to fully understand the causal links between

the design and construction processes and final physical performance of

buildings (Stafford, A. , 2012). Indeed, the construction industry is starting to

acknowledge that such a problem may exist, but are demanding more evidence

is presented to illustrate that underperformance is not localised to individual

projects, but is apparent throughout mainstream housing developments

(Department for Communities and Local Government (DCLG), 2012b).

As outlined in the available literature, the ability of the current SAP

methodology to provide an accurate indication of as-built performance has

been questioned. This is largely due to the limitations of single point weather

data, standardised values in calculations, and the use of manufacturer data for

parameters such as u-values and system properties, which introduce an

element of optimism bias into the model.

At present, there are limited requirements and provisions for mandatory post-

construction evaluation within UK legislation and Building Regulations

documentation (National House Building Council (NHBC), 2012). Changes to

Building Regulations Part L have led to an increase in the number of properties

required to be subjected to mandatory air-tightness testing on large scale

developments (National House Building Council (NHBC), 2011b). This move will

contribute in some part to ensure increased standards of building practises and
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early identification of issues that may be present due to problems with design

and construction matters.

It would appear that two main courses of action are required in order to fully

understand and subsequently address the factors that contribute to the

performance gap. Firstly, a simplified and standardised regulatory approach for

monitoring needs to be developed which can be implemented with limited

impact upon developers, construction teams and residents (Zero Carbon Hub,

2013b). This should be supported by a centralised portfolio resource, uniting

and containing research and case studies relating to housing developments

throughout the UK, in order to learn from the experience and observations of

other projects (Lowe et al., 2008).

It is probable that compliance with regulations and standards will move towards

being based upon as-built rather than designed performance, so it is essential

to understand the factors contributing to the discrepancy (Zero Carbon Hub,

2011a). This research aims to complement general studies that are associated

with the assessment of building design and construction, whilst also providing

an original contribution in the form of quantification of the magnitude of the

impact of individual factors on thermal performance.
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4 INVESTIGATIVE METHODS

Through detailed review of theory and practise relating to the area of building

performance evaluation, a number of experimental techniques have been

identified for use within this research study. Air pressurisation tests allow

measurement of the airtightness of a building, providing an indicator of

potential thermal performance. The output data is a key input parameter within

the calculation of a design stage HLC in the approved SAP energy assessment

methodology. The SAP 2009 theoretical platform is used throughout this work

to construct models and subsequently assess predicted thermal performance,

and airtightness information is necessary in order to complete the design-state

assessments.

The coheating test forms a critical investigative technique that is central to the

core methodology of the experimental work undertaken, as it provides a direct

indication of as-built whole house heat losses and the output data can be used

to calculate a measured in-situ HLC value. Therefore, conducting such tests is an

essential step in the evaluation of the apparent gap that exists between design-

stage and as-built performance of dwellings.

Heat flows through building elements can provide an indication of potential

heat loss pathways within the building envelope. Infra-red surveys using a

thermal imaging camera can help to identify such defects through visual

inspection, providing a qualitative form of assessment. Heat flux sensors

measure the amount of heat passing through a material, in conjunction with

temperature measurements, can be used to calculate an in-situ u-value of an

individual building element. This can provide a quantitative indication of as-built

performance, which can be compared to manufacturer design and

specifications.

Adequate levels of ventilation are central to the design and delivery of desirable

houses, and this is essential to provide a healthy and pleasant internal

environment. MVHR systems may be installed in more airtight houses in order

to ensure an adequate supply of fresh air and removal of stale air and odours.
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Balanced levels of supply and extract air flows are necessary in order to ensure

that such a system works effectively, and flow rates can be measured at outlets

within a dwelling in order to verify that this is the case. In addition, the

efficiency of the integrated heat exchanger in recovering heat from extracted

air (temperature efficiency) can be assessed through measurement of

temperatures in the ductwork located close to the MVHR control unit.

The experimental methods summarised here form the foundation of the

investigative work undertaken between October 2010 and November 2013, as

shown in Figure 4-1.

Figure 4-1 - Timeline of Experimental Work
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The remainder of this section will present the rationale and general

methodology associated with the techniques that have been used in the

assessment of both design-stage and post-construction thermal performance.

The associated experimental data analysis and building performance modelling

using SAP methodology was on-going throughout the duration of the research

period. More detailed consideration of specific experimental design, alongside

analysis of the resultant data from the practical and desk-based evaluations, is

provided in Chapters 5 and 6.

4.1 The Creative Energy Homes (CEH) Project

The Creative Energy Homes (CEH) is an innovative project that enables research

into sustainable design, construction, retro-fitting and operation of homes in

the United Kingdom It is located at the University of Nottingham, on the

University Park campus at Green Close. The development of seven houses

provides a facility for the in-situ testing of housing design, materials and

technologies, through collaboration of the Department of Architecture and Built

Environment (DABE) and a number of industrial sponsors.

Each dwelling in Green Close has a specific design remit and objective in terms

of research focus and outcome. All of the houses are fitted with integral

monitoring systems in order to assess performance, which record data relating

to parameters such as internal temperature, carbon dioxide levels,

humidity/environmental quality, power and gas consumption, and water usage.

In 2001, the David Wilson Millennium EcoHouse was the first house to be

completed. It is of standard brick and block construction, and currently provides

staff office space. The house is primarily used as a testing facility for domestic

scale renewable energy systems. Areas of research include combined heat and

power systems, solar thermal energy production, smart grid and hydrogen fuel

cell applications, and effectiveness of wind catcher and solar chimney

ventilation and cooling strategies.
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The BASF house was designed by Derek Trowell Architects and completed in

June 2008. The main target of the design brief was to minimise energy demands

and carbon emissions whilst providing an affordable house that would appeal to

potential occupants (Gillott et al., 2010). A second key aim was to achieve a cost

effective build with a short construction period that would be attractive to

housing developers. Modern methods of construction were essential to achieve

these aims. The walls at ground floor level were formed using polystyrene form-

work filled with concrete (insulated concrete formwork -ICF), whilst

prefabricated timber insulated sandwich (SIPS) panels were utilised in the first

floor and roof construction.

The most recent addition to the development is the Mark Group House,

completed in October 2013. It is designed to appeal to those at the upper end

of the property ladder, and is a four bedroom, three storey home. It is built

using lightweight construction, ICF and a steel frame, finished with polystyrene

formboard with cladding and rendering.

The Nottingham H.O.U.S.E. (Home Optimising the Use of Solar Energy) is a

modular timber framed house that was designed and constructed by University

students as the UK entry for the Solar Decathlon competition held in Madrid in

2010. The design aim was to create a home that was self-sufficient using energy

from the sun, whilst achieving high levels of performance in terms of fabric and

systems efficiency.

The primary aim of the Tarmac Masonry Homes Research Houses project was to

design and construct energy efficient traditional masonry homes that are

straightforward to construct and mass produce, whilst being visually appealing

and affordable for potential home owners to purchase, maintain and operate.

They comprise of a pair of semi-detached houses, constructed on University

Park Campus and completed in March 2010, to meet the minimum

requirements of the CfSH Level 4 and Level 6.
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The E.On Retrofit Research House comprises of a newly constructed property,

completed in 2008 on the University Park campus, initially built to the

equivalent standard of a typical 1930’s house in the style of a traditional semi-

detached dwelling. It forms the basis of a staged retrofit programme, with

fabric and systems upgrades undertaken utilising materials, technology and

methods that would be available to an average homeowner. Each intervention

has been evaluated and the impact of the work on various parameters, such as

thermal performance and energy efficiency, systematically assessed and

attributed to individual stages of the programme. No renewable energy

technologies were installed in the E.On Retrofit Research House, as the main

aim of the project was to investigate a ‘fabric first’ approach to the retrofitting

of existing housing stock.

The Tarmac Research House Code Level 6 (Tarmac House) and E.On Retrofit

Research House (E.On House) have formed the basis of detailed research and

investigation within this project. Both of the houses are fully monitored using

comprehensive monitoring systems, with data being collected in relation to

temperature, energy consumption, water usage and other aspects of the

integrated systems.

The two properties were selected for several reasons, including:

 The research presented the opportunity to investigate the thermal

performance of two dwellings, each designed and constructed to meet a

different level of the CfSH;

 The E.On House is representative of the characteristics of a large

number of existing UK homes, and so a sound understanding of the

performance of the house and areas for improvement could have an

impact through identifying ways to reduce the energy and carbon load

of the wider UK housing stock;
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 The Tarmac House is an example of early efforts made by a mainstream

housing developer to design and construct a zero carbon home, and

evaluating the actual performance will help to inform future design of

highly efficient new-build housing; and

 Access could be gained to undertake a range of tests, sometimes for

long periods, and was particularly straightforward in the case of the

E.On House as this property was uninhabited for the duration of the

research timeframe.

It is recognised that the number of example dwellings assessed during this

research could be a limitation to the extensive application of the findings, due

to the small sample size. However, detailed investigative studies require a large

amount of time and resources, and so it is not possible to undertake such work

on a wider scale within the confines of a doctorate project. It should be noted

that, within existing literature, there are few examples of comprehensive design

and post-construction stage evaluations. Therefore, the work undertaken here

is of value in contributing to and extending the current knowledge-base, and

providing novel assessment of the impact of various factors to

underperformance of housing.

4.2 SAP Modelling

Initially, the design-stage SAP assessments prepared for the E.On and Tarmac

dwellings were obtained. In the case of both properties, SAP 2005 methodology

had been used to undertake the work, utilising Plan Assessor NHER (NES)

software. A review of approved software programs revealed that SAPPER

(RUSFA) software was a more cost effective option, and so the worksheet

information for each property was transferred onto this platform. The results

replicated using the original input data are slightly different to the original SAP

2005 worksheets, as this study utilises SAPPER 9, which is based upon SAP 2009
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conventions. The original SAP worksheets for the retrofit and new-build

dwellings are included in Appendix 2.

In addition to the SAPPER software, a spreadsheet was developed to allow

differential sensitivity analysis to be undertaken for parameters that could

affect design stage HLC calculations. A second worksheet was developed in

order to be able to change default input values in the section of the model

relating to ventilation strategy, including local environmental information. This

enabled a more comprehensive analysis of the effect of ventilation on the HLC

value to be obtained. Both worksheets are located in Appendix 3.

4.3 Air Tightness

Air pressure testing was undertaken on both the E.On House and Tarmac House

at significant points during the overall period of experimentation. The tests

were carried out by a third party, utilising the standard blower door test

methodology (ATTMA, 2010) as required by UK Building Regulations

(Department for Communities and Local Government (DCLG), 2010b). This

technique has been previously outlined in Section 2.3.1.

The relevant dates of each test are shown in Table 4-1.

Table 4-1 - Relevant Dates of Airtightness Tests
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The tests were scheduled to correspond with project milestones, including the

completion of the Tarmac House and the end of each stage of the E.On House

retrofit improvement programme. On each occasion, a pressurisation and

depressurisation test was completed and the average value of the q50 result

taken as an indication of building air tightness performance. This ensures that

consideration is given to additional infiltration imposed due to air being pushed

through the building fabric during pressurisation, and also the sealing effect

when the fan is operating in depressurisation mode.

4.4 Thermal Performance

Infra-red thermography surveys, through use of a FLIR T400 thermal imaging

camera (FLIR Systems Co. Ltd., 2008), were utilised in order to identify building

defects and areas where there could be potential to improve the thermal

performance and air tightness of the test houses. The use of this assessment

technique also extended to the investigation of the MVHR system installed in

the E.On House.

The timing of the surveys generally coincided with the dates of the air

pressurisation tests, as the increased movement of heated air through the

building fabric enabled clearer identification of thermal bridges and air leakage

pathways. On other occasions, the test property would be heated to an

unusually high temperature in order to achieve a large temperature difference

between the internal and external environments. This allowed both major and

minor defects within the building fabric to be detected. With regards to the

MVHR system, surveys were undertaken when the system was in operation in

order to identify heat losses from the control unit and ductwork in the loftspace,

and at supply/extract duct outlets installed in each room.

Whilst thermal images do not provide a quantitative measure of heat losses,

they are useful in order to isolate areas within a building or system that can be

targeted for improvement. They are also relatively simple and non-invasive to

undertake, and provide immediate indicative qualitative data.
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4.5 Whole House Heat Losses

As discussed previously in Section 2.3.2, short term energy tests provide a key

analysis technique in order to quantify whole house heat losses through the

building fabric. In terms of this study, the coheating test has been identified as a

key method to assess fabric performance. The use of this method can be

justified as follows:

 It is the technique in the UK most widely used to assess whole house

heat losses;

 Standard protocols have been developed for the testing procedure;

 The test is simple to undertake and does not require extensive specialist

equipment; and

 The final data output can be used to calculate a measured HLC for a

property, which can be adjusted so that it is comparable with design-

stage predicted HLC values.

In terms of limitations, data derived from such tests is quite scarce due to the

restricted number of detailed studies undertaken, meaning that it may be

difficult to draw comparisons with other studies. Whilst efforts are being made

to standardise the methodology, the coheating test is not fully understood or

developed. As more field trials are completed, the procedure for conducting the

test is under continuous review and refinement (National House Building

Council (NHBC) Foundation, 2013). Analysis of the resulting data is also an area

that is evolving in terms of consideration of the influence of environmental

effects on the calculated HLC.

Whilst the lack of a truly standardised coheating test methodology leads to

variation within the execution of the test and the techniques used to derive a

HLC value, it also presents an opportunity to investigate uncertainties within
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the methodology in order to inform future developments in the field of whole

house heat loss assessment.

4.5.1 Methodology

A version of the co-heat test methodology developed by Wingfield (2011) has

been used to measure the total heat loss arising from fabric and background

ventilation pathways, in order to obtain a measure of the in-situ whole house

HLC. The general concept of the test works on the basis that by heating a

dwelling to a constant temperature (approximately 25°C) with electrical heaters,

and then measuring the amount of energy required to maintain that

temperature, the daily heat input into the house can be measured (watts).

When this value is plotted against the daily difference between internal and

W┝デWヴﾐ;ﾉ デWﾏヮWヴ;デ┌ヴWゲ ふлTぶが ｷデ ヮヴﾗS┌IWゲ ; HLC ┗;ﾉ┌Wく TｴW HLC I;ﾐ デｴWﾐ HW ┌ゲWS 

to estimate the amount of electrical energy required to heat a dwelling per 1K

difference between internal and external temperatures.

Prior to commencement of the procedure, it is important to ensure that:

 all heating and electrical systems that are not required during the test

are turned off, either at the fuse box or at individual power sockets.

 all external doors, windows, trickle vents, mechanical supply/extract

vents, flues and fireplaces are closed and sealed and all water traps and

U-bends in toilets, sinks, baths and showers are filled with water.

 all internal doors, wardrobe/cupboard doors and furniture drawers are

propped open in order to promote unobstructed circulation of air.

Following the initial preparations, the equipment for the test can be set up,

which includes electric fan heaters, circulation fans, in-line thermostats and

power meters. At least one group of apparatus is required in each test zone,

and such zones are generally defined as a single floor of a house (i.e. there

would be two zones in a standard two storey dwelling). It is often necessary to

use several groups of equipment in each zone (such as one set in each habitable

room) in order to ensure that a consistent and uniform internal temperature is
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maintained throughout the property for the duration of the test. In addition, in

a semi-detached or terraced house, the adjoining properties should ideally

maintain the same internal temperature as the test dwelling in order to prevent

heat flow through party walls.

When the equipment has been placed in the required locations, each

thermostat is adjusted to maintain a temperature of 25°C. The electric fan

heaters are set to work at their maximum heat and fan setting, whilst

circulation fans are adjusted to their maximum fan speed setting. In the initial

stages of the test, the temperature data throughout the house is assessed to

ensure that it is uniform, and the positions of the equipment may be altered

until uniformity is achieved.

Each heater and circulation fan is connected to a power meter in order to

measure energy consumption of all of the equipment used within the test. A

datalogger is used to collect all of the data generated from the experiment, with

recordings taken at 5 minute intervals. In addition, environmental conditions,

such as internal and external temperatures, wind speed and solar radiation

levels are measured.

The specification of the instruments used in the coheating tests in this

experimental work is detailed in Table 4-2, whilst Figure 4-2 shows a typical

experimental set-up. Appendix 4 contains data sheets for the equipment used.

External environmental data was obtained from a University weather station

situated 150m from the CEH Project location.
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Table 4-2 - Coheating Test Equipment Specification

Component Equipment Used Measurement Error Range

Datalogger 1 Datataker DT500 +/- 0.15% at 25°C operating

temperature

Datalogger 2 Datataker DT85 +/- 0.1% between 5°C and

40°C operating temperature

Internal Temperature Microwatt Installed System +/- 2°C

kWh Meter Elster A100C, 1 Wh pulse

output

+/- 0.4 % (maximum)

Thermostat Timeguard ET05 Plug In

Thermostat Heating Control

Differential cut in of +/- 1°C

Fan Heater Dimplex 3kW and 2kW

Convection Heater

n/a

Circulation Fan Various Desk-Type Fans n/a

Figure 4-2 - Coheating Test Equipment
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The testing schedule was as follows:

� E.On House No MVHR System Operating – 20th -28th November 2010

� E.On House With MVHR System Operating – 30th November – 2nd

December 2010

� Tarmac House No MVHR System Operating – 9th – 15th December 2010

� Tarmac House - MVHR System Operating – 18th – 22nd December 2010

ひ EくOﾐ Hﾗ┌ゲW ヲヵェC лT に ヲヶth
– 21

st
February 2011

ひ EくOﾐ Hﾗ┌ゲW ンヵェC лT に ヲヴth
– 27

th
February 2011

 E.On House No MVHR System Operating – 25
th

- 28
th

March 2011

 E.On House With MVHR System Operating – 29
th

- 31
st

March 2011

 E.On House With MVHR System Operating – 2
nd

– 5
th

April 2011

The research work extended to include consideration of the impact of MVHR

systems on the HLC of each dwelling. Little or no work associated with this area

was discovered during the literature review and wider reading, highlighting an

opportunity for novel investigation.

4.5.2 Analysis of Data

A large volume of data is generated during a coheating test, as a single

experiment may last anywhere between 3 and 14 days. The theory behind the

analysis of the data is based on the application of the standard heat balance

equation, previously outlined in Section 2.3.2 (Equations 2.3 and 2.4).

TｴW IﾗｴW;デｷﾐｪ デWゲデ ﾗ┌デヮ┌デゲ ;ﾉﾉﾗ┘ I;ﾉI┌ﾉ;デｷﾗﾐ ﾗa デﾗデ;ﾉ ﾏW;ゲ┌ヴWS ヮﾗ┘Wヴ ;ﾐS ら劇
for each day of the relevant timeframe. A simple measure of HLC can be derived

aヴﾗﾏ デｴWゲW デ┘ﾗ ヮ;ヴ;ﾏWデWヴゲ ┌ゲｷﾐｪ ﾉｷﾐW;ヴ ヴWｪヴWゲゲｷﾗﾐ ;ﾐ;ﾉ┞ゲｷゲが ┘ｴWヴW ら劇 is plotted

on the x axis and power is plotted on the y axis. A linear trendline is fitted to the

dataset, forced through the zero point, as shown in Figure 4-3.
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Figure 4-3 - Example of Linear Regression of Raw Coheating Test Data

The HLC value is given as the Y value output – in this case it is 197.89 W/K. The

R
2

value is the coefficient of determination, and represents the degree of

IﾗヴヴWﾉ;デｷﾗﾐ HWデ┘WWﾐ ┗;ヴｷ;HﾉWゲ ふｷﾐ デｴｷゲ I;ゲW ら劇 and power) and how closely the

experimental data fits with a statistical model. It ranges between 0 and 1 (0

being no relationship and 1 being strong correlation). In this example, the R
2

value is 0.9725, which indicates a close fit with the theoretical linear

relationship.

However, the HLC value (Y) obtained from this process does not account for the

effects of solar radiation, which could influence the HLC value. During periods of

high solar radiation levels, the power input to a dwelling, particularly in south

facing rooms, may be reduced due to the heat associated with passive solar

gains.

Therefore, it is common practise to correct the raw power data obtained from

the experiment to account for such impacts. There are two main techniques

employed in order to do this, namely multiple regression and Siviour analysis, as

described in Section 3.3.2. Both methods require local data relating to south

facing solar radiation for use in the correction calculations.
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Multiple regression analysis utilises the power data, and evaluates the

combined relationship between らT and solar radiation values in order to

generate an effective value that can be used to correct for solar effects. The

following equation is used in this technique (Equation 4-1, (Bauwens et al., 2012,

p. 352):

Q Э Iﾗﾐゲデ;ﾐデ Щ ふA ┝ らTぶ に ふB ┝ Sぶ  

Where:芸 = Total measured power (W)

A = Constant derived from multiple regression analysis

B = Constant derived from multiple regression analysis

S = Mean solar radiation

らT Э MW;ﾐ デWﾏヮWヴ;デ┌ヴW SｷaaWヴWﾐIW HWデ┘WWﾐ デｴW ｷﾐゲｷSW ;ﾐS ﾗ┌デゲｷSW ﾗa デｴW 

building

The values of the constant, A and B are provided through the regression

;ﾐ;ﾉ┞ゲｷゲが ┘ｴｷﾉW デｴW ﾏW;ﾐ ゲﾗﾉ;ヴ ヴ;Sｷ;デｷﾗﾐ ふSぶが ﾏW;ﾐ デWﾏヮWヴ;デ┌ヴW SｷaaWヴWﾐIW ふらTぶ 

and mean power input (Q) are taken from the coheating test data. When the

regression process is completed, a value for A is produced, which can be applied

to the solar radiation data in order to provide a correction for solar gains, as

shown in Equation 4-2 (Bauwens et al., 2012, p. 352).

芸s = Q+(A x S)

Where:芸s = Solar corrected total measured power (W)芸 = Total measured power (W)

S = Total south facing solar radiation (W/m
2
)

A = Constant derived from multiple regression analysis

Equation 4-1 - Multiple

Regression Equation (Bauwens

et al., 2012, p. 352)

Equation 4-2 - Multiple

Regression - Correction for Solar

Gains (Bauwens et al., 2012, p.

352)
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Following the use of multiple regression analysis to derive a value of A, the

recalculated 芸s power data is plotted against the temperature difference data

through means of linear regression and the use of a linear trendline. Figure 4-4

shows a linear regression plot of the original data displayed in Figure 4-3, which

has now been corrected for solar gains using the value of A obtained through

multiple regression analysis. The HLC (y) value has now increased to 209.2 W/K,

due to the adjustment of the power data to reflect under-estimation resulting

from solar gains. The correlation between the variables is still strong, with an R
2

value of 0.9638.

Figure 4-4 - Example of Solar Corrected Data Derived from Multiple Regression Analysis

Alternatively, the Siviour analysis linear regression technique can be employed

to correct for solar effects. When considering the rearranged form of the heat

balance equation stated previously in this section, it can be determined that a

graph constructed with an x axis of S/らT and y axis of Q/らT would produce a

ﾉｷﾐW ┘ｴWヴW デｴW ゲﾗﾉ;ヴ ;ヮWヴデ┌ヴW ふRぶ ｷゲ ヴWヮヴWゲWﾐデWS H┞ デｴW ゲﾉﾗヮW ;ﾐS п戟.畦 + 1/3券撃
is the intercept of the y axis. Therefore, the value of the y intercept on such a

plot would be equivalent to the total measured HLC, inclusive of correction of

power input to account for the effects of solar gains. Figure 4-5 shows the same

data set as displayed in Figure 4-3 and Figure 4-4, with a HLC calculated using
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Siviour technique. The solar aperture (R) has a value of -19.328, while the HLC

would be 210.02 W/K (the point at which the trendline crosses the y axis).

Figure 4-5 - Example of Solar Corrected Data Using Siviour Analysis

In the context of this study, the multiple regression technique has been

employed in order to correct for solar gains. Work undertaken by Bauwens

(2012) provided guidance that this method has the advantage, over linear

regression, of considering the gains to opaque surfaces, and the solar correction

factor is derived from detailed analysis of the relevant datasets rather than by

calculation. Linear regression methods can be restricted due to limited

consideration of total errors within the methodology, as power input is defined

as the sole independent variable.

The data obtained from a coheating test experiment can be sensitive to changes

in external temperature, wind speeds, wind direction and precipitation levels.

Whilst such parameters are not routinely accounted for in the analysis of the

output data, it is important to be aware of the weather conditions present at

the time of a test so that any extreme conditions can be considered. The
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summary data relating to all of the coheating tests undertaken is included in

Appendix 5.

4.6 Heat Transfer

Heat flux monitoring of materials allows the thermal performance of building

elements such as walls, floors and ceilings to be measured and assessed.

Sensors can be used to monitor heat flow, which in conjunction with internal

and external temperature data, can be used to calculate in-situ thermal

resistance (R value) and thermal transmittance (u-value) properties (Hukseflux,

2008). The measured results can then be used to evaluate in-situ performance

as compared to design/manufacturer expectations.

4.6.1 Methodology

In-situ monitoring of heat flows were measured using Hukseflux HPF01 Heat

Flux Plates (specification included in Appendix 4), fixed using thermal paste to

ensure good connectivity with the surface of the material under investigation

and secured with non-conductive tape. The sensors produce an output voltage

reading, measured in millivolts, which is then divided by the individual sensor

unique sensitivity constant provided by the manufacturer, in order to gain a

value of heat flux in watts.

The manufacturer states a nominal sensitivity of 50 µV/ Wm
2
, a measurement

range of +2000/-2000 Wm
2
, and an expected typical accuracy of +5/ -5% when

installed to monitor heat flow through walls (Hukseflux, 2008). This could

present a potential source of error within the experimental data.

In addition, k-type thermocouples were installed in order to measure

temperatures in the cavity wall construction. Such temperature probes have an

intrinsic maximum permissible measurement error of +1.5/-1.5 °C when

operating in temperatures ranging from 0 – 200 °C (National Instruments

Corporation, 2010). This will be considered when assessing the measured

temperature data.
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A DT85 datalogger or DT500 datalogger was used to collect data from the heat

flow analysis experimental work. When a voltage output is utilised, the DT85

datalogger has a maximum operating error of +/-0.1% when situated in a

temperature range of between 5°C and 40°C (Thermo Fisher Scientific Inc.,

2011). The error associated with the DT500 datalogger is +/-0.15% at a given

temperature of 25°C (Datataker Inc., 2010). It is noted that the slight difference

in the accuracy of the data recording equipment could account for some

divergence in measured data.

4.6.2 Analysis

The calculation of in-situ u-values can be undertaken using measurements of

heat flux, and internal and external air temperatures, using Equation 4-3 (Baker,

2011, p. 37):

戟 =
怠畷日貼畷賑楢

Where:

U = In-situ u-value

Ti= Internal air temperature

Te = External air temperature

Q = Heat flux

Internal and external surface temperatures can also be used in the calculation

instead of air temperatures, in which case factors need to be considered to

account for surface resistance of materials and the heat flux sensor. Standard

theoretical resistances are generally in the order of 0.04 Km
2
/W and 0.13

Km
2
/W for external and internal walls respectively (Anderson, 2006). A

resistance adjustment of 6.25 x 10
-3

Km
2
/W is required to account for presence

of the heat flux sensor (Hukseflux, 2008). The following equation for calculating

heat flux can then be applied (Equation 4-4 (Baker, 2011, p. 37)):

Equation 4-3 - U-value Calculation - Air

Temperature Method (Baker, 2011, p. 37)
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戟 = 峭 迭畷日貼畷賑町 嶌 + �堅件券建 + 堅結捲建 െ 堅݄血
Where:

U = In-situ u-value

Ti = Internal surface temperature

Te = External surface temperature

Q = Heat flux

rint= Interior wall surface resistance

rext = External wall surface resistance

rhf = Heat flux sensor surface resistance

Both techniques provide a valid measure of in-situ u-value, but the analysis will

be limited to those calculated using air temperature data due to the lack of

surface temperature data in some of the experiments undertaken.

4.7 MVHR System Function

Whilst the effect of the MVHR system operation on the fabric performance and

whole house HLC value was assessed through use of the coheating test

procedure, the evaluation work extended to the assessment of the function and

installation of the MVHR systems installed in the E.On and Tarmac Houses.

4.7.1 Methodology

An assessment of the flow rates at each of the supply and extract ducts within

the two dwellings houses was undertaken. A Testo 417 vane anemometer was

used to obtain readings of the air flow at each outlet (specification included in

Appendix 4). This device has an integral air flow and temperature vane, and has

the capability to provide timed and multi-point mean calculations. It is accurate

to +/- 0.1 m/s and +/- 0.5°C (Testo Inc, 2011).

Equation 4-4 - U-value Calculation

- Surface Temperature Method)

(Baker, 2011, p. 37)
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On each occasion, the houses were heated to 21°C and the anemometer was

held over each supply and extract vent within the dwelling living spaces in turn.

Mean values of flow rate (m/s) and temperature (°C) measured over a 30

second time period were recorded. The flow rate values were later converted to

l/s and air changes per hour (ACH) units.

A FLIR T400 thermal imaging camera was used to investigate areas of potential

heat loss from both the MVHR system control unit and heat exchanger, and the

ducting work in the loft space. A power meter was installed in order to measure

the electrical consumption of the system. Thermocouples were placed in the

supply and extract ductwork to a depth of 70mm at a distance of 500mm from

the main control box, as shown in Figure 4-6.

Figure 4-6 - MVHR System Measurement Locations

Source: (Efficiency Meets Sustainability, 2011) (Altered by Author)
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4.7.2 Analysis

The measured outputs enabled calculation of the Temperature Efficiency

through the methodology outlined in Equation 4-5 (Lowe et al., 1997, p. 35):

。t = T2 - T1 / T3 - T1

Where:

。t = Temperature Efficiency of the MVHR System

T1 = Temperature of Intake Air (°C)

T2 = Temperature of Supply Air (°C)

T3 = Temperature of Extract Air (°C)

This parameter provides an indication of the performance of an MVHR system,

and the experimental calculated values can be compared to manufacturer

design-stage data and utilised in SAP 2009 assessments in order to evaluate

post-installation function.

4.8 Conclusions

The primary purpose of this section has been to provide an overview of the core

methods as utilised throughout the experimental and analytical work

undertaken during the course of this research programme. The main areas of

investigation are the performance of the building fabric and installed ventilation

systems, at both the design and post-construction stages. SAP 2009

methodology is employed as the primary means of evaluating predicted levels

of dwelling performance. Throughout the evaluation of the two selected case-

study properties, coheating testing and heat flow monitoring provide essential

tools for assessing the as-built thermal performance of the building fabric.

Measurement of system temperatures, power inputs and air throughput rates

can enable assessment of MVHR system performance.

Whilst the general concepts pertinent to each evaluation method have now

been described, the specific details relating to the actual experiments

performed will be outlined subsequently in the context of the remaining

chapters as required.

Equation 4-5 - Temperature Efficiency of

MVHR System (Lowe et al., 1997, p. 35)
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5 THE RETRO-FIT CONTEXT

As identified in Section 1.1, whilst much progress is being made towards the

improvement of the fabric of new build dwellings in order to enhance thermal

performance, the existing building stock presents a potentially more complex

problem. The UK has over 8.5 million houses that are in excess of 60 years old

(Energy Saving Trust (EST), 2007b, p. 4), resulting in slow progress towards

lower domestic carbon emissions through replacement with more efficient

properties alone. This poses a dilemma for policy makers, developers and local

authorities at the strategic level and home owners at a more localised level – is

the best solution to abandon older houses (relocation of occupants and major

demolition/rebuild projects) or to refurbish and retro-fit existing properties?

(Power, A, 2008).

Housing demolition rates are relatively low in the UK, and several studies have

been undertaken to assess the impact of increased demolition rates within

different scenarios to achieve Government energy targets. It has been observed

that higher demolition levels may not present a significant contribution in

reducing energy demands and carbon emissions, when compared to the impact

of wide-scale renovation schemes (Johnston et al., 2005; Lowe, 2007; Natarajan

et al., 2007).

With this in mind, the role that the improvement of the existing housing stock

could have in providing more efficient properties cannot be ignored, although

the mechanisms by which this is implemented at Government level could

impact upon uptake and effectiveness of improvement measures (Dowson et al.,

2012; Killip, 2011). It is largely dependent upon the ability of the wider

community to understand the concept of sustainable retro-fit, which may

include improvements to the fabric or systems integrated into a dwelling that

result in a reduced energy demand, or inclusion of localised power generation

from renewable sources (Swan, W. et al., 2013).
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Research into effective retrofitting practises and techniques is essential in order

to inform and aid those undertaking such work at an individual dwelling or

whole development scale. As such, Project CALEBRE (Consumer-Appealing Low

Energy Technologies for Building Retrofitting) (www.calebre.org.uk/) has been

undertaken as a partnership between several leading universities, with £2

million of funding provided by E.On and the Research Councils UK (RCUK)

Energy Programme. Central to this project was the construction of the E.On

2016 Research House, completed in 2008 as a three bedroom new-build

property but built to 1930’s equivalent building standards (Banfill et al., 2011b).

Over a four year period, the house has been upgraded to exceed 2010 Building

Regulations standards through a staged programme of retrofit measures

(Loveday et al., 2011).

This property is representative of the large number of hard to treat dwellings in

the UK, and so has been investigated in order to evaluate the performance of a

retro-fit dwelling. The remainder of this chapter will present an overview of the

design and construction of the building, and report on the findings relating to

the design stage and post construction fabric and systems evaluations

undertaken.

5.1 Scope and Methods of Investigation

As outlined previously in Chapter 4, the main techniques that will be utilised

throughout the performance gap evaluation work will be the interrogation of

the design stage SAP assessment, in conjunction with whole house coheating

tests and MVHR system evaluation. The experimental work was largely reliant

upon the opportunity to access the E.On House at opportune times throughout

the staged retrofit work. This led to the work programme evolving rather than

being pre-planned, as delays and unscheduled works meant that a strict plan

could not be adhered to. In some cases, the length of time available for

experimental work was very limited.
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In terms of the coheating test, the standard protocol described in Section 4.5.1,

with regard to equipment and procedure, was followed. The location of the

electric fan heaters, circulation fans, power meters, thermostats and

dataloggers throughout the house was noted and remained consistent

throughout all of the tests, and the position of each group is shown in Figure

5-1. The property was divided into two zones (the upper and lower floors), with

data collected from a datalogger located centrally in each zone.

A number of tests were undertaken at different stages throughout the retrofit

project. Several analyses were used to calculate the measured HLC, including

linear regression of the data prior to solar correction, linear regression of the

data using a solar adjustment derived from multiple regression, and linear

regression accounting for solar gains using Siviour analysis. The theory behind

each method has been detailed in Section 4.5.2, with results presented in this

chapter as each test is considered. The impacts of external environmental

effects of the HLC data are considered in relation to individual tests.

Air pressurisation testing, infra-red thermography and MVHR system evaluation

work have also been used for evaluation purposes, following the approaches

described in Chapter 4.
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Figure 5-1 - E.On House - Position of Coheating Test Equipment
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5.2 The Retro-Fit House

The design of the E.On House follows that of a traditional 1930’s semi-detached

property of 108m
2

floor area, with two reception rooms, kitchen and pantry on

the ground floor and three bedrooms, a bathroom and a separate toilet on the

first floor. Due to limited land availability, the property was designed and

constructed as one half of a pair of semi-detached dwellings, with a party wall

dividing the house from a service zone that is intended to simulate the presence

of an attached property (Figure 5-2). The service zone also provides access to

the loft space, where monitoring equipment is located.

Figure 5-2 - The E.On 2016 Research House

Retrofit improvements were undertaken in five main stages between 2010 and

2012, and included upgrades to both the building fabric and integrated systems.

Table 5-1 summarises the key properties of the dwelling and work undertaken

at each stage.
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Table 5-1 - Summary of Fabric and Ventilation Characteristics of the E.On 2016 Research House

Baseline Phase 1 Phase 2 Phase 3 Phase 4 Phase 5

Experimental

Work

SAP HLC: 484.58 W/K
Coheat HLC: N/A

Q50 Result: 15.57

SAP HLC: 252.60 W/K
Coheat HLC: N/A

Q50 Result: 14.31

SAP HLC: 233.92 W/K
Coheat HLC: N/A

Q50 Result: 9.84

SAP HLC: 229.00 W/K
Coheat HLC: 209.20 W/K

Q50 Result: 8.6

SAP HLC: 213.26 W/K
Coheat HLC: N/A

Q50 Result: 5.0

SAP HLC: 212.28 W/K
Coheat HLC: 205.46 W/K

Q50 Result: 4.74

External Wall

u-value: 1.29 W/m2k

External brick skin, 50mm

uninsulated cavity,

100mm Tarmac Hemelite
solid block with lath and

plaster finish

u-value: 0.55 W/m2k

Cavity insulated with

Knauf Supafil 40 mineral
wool

No change No change No change No change

Party Wall As external wall As external wall No change No change No change No change

Roof

u-value: 1.63 W/m2k

Uninsulated pitched rafter

& purlin roof with

breathable membrane

u-value: 0.15W/m2k

Insulated with 300m

Isover Spacesaver glass

mineral wool

No change No change No change No change

Ground Floor

u-value: 0.720 W/m2k

Uninsulated suspended

timber floor with 920mm

undercroft beneath

Exception � kitchen floor
comprised uninsulated

concrete slab-

u-value: 0.99 W/m2k

Carpets & underlay fitted No change No change

Isover VARIO membrane

fitted under carpets

sealed with Isover

KB1/Isoflex tape.
Ovecladding of existing

skirting boards

No change

Upper Floor
Uninsulated suspended

timber floor
No change No change No change

Carpets fitted with

Isover VARIO membrane
beneath sealed with

Isover KB1/Isoflex tape.

Overcladding of existing

skirting boards

No change

Windows
u-value: 4.8 W/m2k
Timber framed single

glazed

u-value: 1.2-1.7 W/m2k
Timber framed double

glazing. Obscure glass �

Pilkington Stipolyte.

Clear glass Saint Gobain
Planitherm

No change No change No change No change

Doors
u-value: 3.6-4.0 W/m2k
Timber framed single

glazed

u-value: 1.7 W/m2k

Timber framed double

glazed Pilkington

Stipolyte glass

No change
Covers fixed to external door

locks
No change No change

Draught Proofing

& Air Tightness

Work

N/A

GTI PAL Systems

installed to clear glass

windows & doors

GTI PAL Systems installed to

obscure glass windows & doors.

Silicone sealant to frames

Service risers and
penetrations sealed with

expanding foam. Kitchen

extract fan removed and

hole sealed

Floor sealing work
(detailed above)

Isover Powerflex tape and
coving fixed to wall/

ceiling junction. Silicone

ceiling to light fittings &

power sockets

Heating System
Open fires to two ground
floor and two upper floors

rooms. Electric heating

Radiators & A-rated
Worcester Bosch 24Ri

Greenstar Gas

Condensing Boiler with

fully programmable
thermostat

No change No change No change No change

Ventilation

Strategy

Background infiltration &

natural ventilation

Titon HRV2 Q Plus MVHR

System
No change No change No change No change
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Following completion of the improvement works included within the scope of

the CALEBRE Project, further upgrades to the insulation levels of the ground

floor were undertaken. This involved the installation of 200mm thick

Thermafleece insulation fitted between the floor joists from underneath (via

undercroft access), overlaid with a breathable membrane and 100mm thick

Edenbloc 35 insulation board fixed to the underside of the joists. This build-up

achieved a calculated ground floor u-value of 0.12 W/m
2
K, and is referred to

within this work as Phase 6.

A number of evaluation techniques were used to assess the performance of the

dwelling, ranging from design stage modelling through to air pressurisation

testing, coheating testing and infrared thermography. The following sections

report the findings of the comprehensive programme of assessment

undertaken over several months as the fabric of the property was improved.

5.3 Design Stage Assessment

Initially, copies of the original design stage SAP assessments, as included in

Appendix 2, were obtained for the E.On House. Two assessments were

completed in August 2009 by an independent assessor using NHER (NES)

software based on SAP 2005 methodology, one relating to the property in its

original post-construction state, and the second to reflect work undertaken in

the first phase of upgrade works (Phase 1). Due to the use of different software

in this study, the original information from the relevant worksheets was

inputted into SAPPER 8 (RUSFA SAP 2005 version) software in order to establish

a design-stage baseline assessment. This provided information relating to the

original state of the E.On House prior to any retro-fit interventions, and also a

revised assessment following the first stage of retrofit.

The same original details were inputted into both SAPPER 8 and SAPPER 9

software (SAP 2005 and 2009 versions), with each model assuming a natural

ventilation strategy for the house. The resulting data is shown in Table 5-2.
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Table 5-2 - Design-Stage SAP Data � Original Assessment Modelled in SAP 2005 and 2009

Original House (Prior to retrofit work)
Phase 1 (as described in

Table 6 1)

Fabric

Heat

Losses

(W/K)

Ventilation

Heat

Losses

(W/K)

Heat Loss

Coefficient

(W/K)

SAP

Rating

EI

Rating

Fabric

Heat

Losses

(W/K)

Ventilation

Heat

Losses

(W/K)

Heat Loss

Coefficient

(W/K)

SAP

Rating

EI

Rating

SAPPER 8

(SAP

2005)

653.2 125.7 778.9 9(G) 7(G) 343.0 67.1 410.2 31(F) 26(F)

SAPPER 9

(SAP

2009)

653.2 141.6 794.9 6(G) 8(G) 343.5 73.8 417.4 27(F) 27(F)

Difference +0.0 +16.0 +16.0 +3 +1 +0.5 +6.7 +7.1 +4 +1

It can be seen that there are slight differences between the values generated

for each parameter in the two versions of SAPPER. Due to the input data being

exactly the same, the variance is most probably attributable to improvements in

the SAP methodology made within the more recent version. Several of the main

differences between SAP 2005 and 2009 are included in Table 5-3.

In addition, significant changes were made to the carbon emissions factors

associated with different fuel types, with increases applied to those relevant to

carbon intensive fuels such as electricity and gas, and reductions made to those

related to more renewable energy sources (e.g. waste products and biomass).

More detailed consideration was also given to the calculation of incidental gains

from people, lighting, appliances and cooking, and updates made to Appendix Q

in order to allow for the inclusion of an increased number of acceptable new

technologies (Hughes, 2009).

In terms of the SAP assessments under consideration in relation to the E.On

House, the main changes within the methodology that would affect the

magnitude of heat losses calculated in the initial stages of the model are those

related to party wall u-values and thermal bridging. The fabric heat loss value is

virtually identical in both the SAP 2005 and 2009 versions, as the same element

areas, elemental u-values and thermal bridging values were used in each model.
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Table 5-3 - Main Differences Between SAP 2005 and SAP 2009

Source Data: (Hughes, 2009)

As indicated in Table 5-3, SAP 2005 does not take account of the thermal

properties of the party wall, as at this point in time it was assumed that the u-

value would be zero. However, due to the research described in Section 3.1.2, it

has since been found that this is not strictly the case and the party wall cavity

can, in fact, act as a heat loss pathway in a dwelling.

SAP 2009 subsequently introduced the functionality to input data relating to the

party wall, but in the data presented in Table 5-2, a u-value of 0 has been

assumed to replicate the analysis undertaken during the original SAP 2005

assessment. However, if a party wall u-value of 0.5 (standard value for unfilled

cavity) is inputted into the model for the original house unmodified, it would

result in an increase in fabric HLC of 23.38 W/K. This is not insignificant, and is

of a similar level to that observed at Elm Tree Mews and Stamford Brook (Bell,

M. et al., 2010a; Wingfield, J. et al., 2011a; Wingfield, J. et al., 2008), confirming

Position in SAP 2005 Position in SAP 2009

Party Wall u-value Assumed to be 0 W/m2K
Allows input of value ranging from 0-0.5 W/m 2K

to account for specification details

Thermal Bridging
Allows assumed Y values to be used to

calculate non-repeating thermal bridges

Default Y value of 0.15 used in the absence of

details calculation of individual thermal bridges

Air Conditioning and

Cooling

Considers the risk of summer

overheating but does not quantify the

impact of use of cooling systems

Assesses the need for cooling and calculates

the additional energy requirements and carbon

emissions resulting from associated system

operation

Thermal Mass
Thermal mass considered for summer

overheating calculation

Thermal mass considered when calculating

heating and cooling requirements

Hot Water

No automatic reduction in hot water

usage levels associated with low use

properties

Assumed hot water usage is reduced by 5% in

properties designed to require under 125 l of

total water per person per day

Multiple Heating or

Ventilation Systems

Limited to one main and one secondary

heating/ventilation source

Ability to split heating/ventilation demand

between two main heating systems that utilise

different fuels and/or two ventilation systems

Heat Pumps
Coefficient of Performance (COP) is a

fixed value

COP is provided by the heat pump

manufacturer via an integrated product

database
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the validity of those investigations and findings with regard to the thermal

bypass mechanism described in Section 3.1.2.

In relation to the level of ventilation heat losses, there is an increase of 15.97

W/K (Original House) and 6.66 W/K (Phase 1) when the data from SAP 2005 is

inputted into the SAP 2009 software. The SAP 2005 value for the Original House

model is 126.66 W/K, which is greater in the SAP 2009 model at 141.63 W/K. In

the case of the Phase 1 house, the relevant values are 67.17 W/K and 73.63

W/K for the SAP 2005 and SAP 2009 data respectively. Ventilation effects are

more visible in the house prior to any improvement work, which would be

expected due to the presence of additional inherent background infiltration due

to the lower airtightness levels.

Identical air permeability data has been used to calculate the infiltration rate in

both cases (the assessor inserted equivalent values of 19 m
3
/(h.m

2
) @ 50Pa for

the original house and 15.8 m
3
/(h.m

2
) @ 50Pa for the Phase 1 house). Therefore,

the increase in ventilation heat losses is most likely due to the monthly average

wind speed data embedded in SAP 2009 to calculate the adjusted air infiltration

rate. The value of background infiltration rate is adjusted for monthly wind

effects and then the adjusted infiltration rate is used to calculate monthly

effective air change rate, which is then applied to provide a monthly ventilation

heat loss value. In SAP 2005, the calculation was less detailed and was based

upon a yearly average effective air change rate.

In SAP 2009, the adjusted air infiltration rate data is combined with the fabric

heat loss value on a monthly basis, before an average value of the summed data

provides a total HLC value. It would explain why the differences between the

two total HLC values are virtually identical to the ventilation losses, as the

increase in the total HLC in each case is directly attributable to this parameter.

The SAP Rating determined for both cases appears to be more sensitive to the

changes introduced in SAP 2009 calculation techniques than the Environmental

Impact (EI) Rating. In both cases, the EI Rating only increased by a factor of 1,
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while the SAP Rating increased by 3 or 4. However, this does not affect the

actual band for either rating assigned to the property in any of the examples.

Whilst it is strictly outside the scope of this research project, it is interesting to

note that Primary Energy, the approximation of the total energy demand of a

property per m
2

per year, decreases in both of the SAP 2009 models as

compared to the SAP 2005 calculations. Changes to the way in which the space

heating requirement is calculated can probably be attributed as the main

reason for this reduction.

As explained by Ingram et al. (2011), the space heating requirement in SAP 2005

is based upon total internal gains and HLC data, whilst in SAP 2009 the average

internal and external temperatures are also used in the calculation. SAP 2009 is

also based on monthly data, while SAP 2005 utilised annual data. The use of

more detailed data within the updated model allows greater consideration of

the sensitivity of heating requirements to environmental effects, such as

external temperature and level of solar gains, leading to more accurate, and

often lower, final calculations.

5.4 Air Pressure Testing

Having established a base-case design stage HLC for the dwelling, investigation

into fabric performance commenced, concentrating on post-construction

analysis of the completed dwelling. An air pressurisation test was completed at

several key points during the staged retrofit project, by a third party certified

assessor utilising the blower door methodology described in Section 2.3.1. The

results of the various tests completed are included in Table 5-4.

As would be expected, the air pressure test results reduce considerably as fabric

and airtightness improvements are made to the dwelling. The decrease in air

leakage values observed between Phases 1 and 2 was much smaller than

expected, as it was anticipated that the integration of wall and roof insulation

and replacement of single glazing with double glazed units would significantly

improve air tightness (Gillott et al., 2013a).
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Table 5-4 - E.On House - Air Pressure Test Values

As shown in Figure 5-3, thermal imaging revealed that the Phase 1 draught

proofing measures and sealing to the windows and doors had not been

completed to a satisfactory level.

Figure 5-3 - E.On House - Air Leakage Thermal Imaging
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The images clearly indicate heat losses through these elements, and so Phase 2

works included the application of further draught-proofing measures. The

improvement in airtightness recorded at this point then aligned more readily

with expectations.

The most significant area of work in terms of reduction of the air pressure test

result can be attributed to the sealing of the ground and upper floors during

Phase 4. This resulted in a value of 5 m
3
/(h.m

2
) @ 50Pa, against an original

figure of 15.57 m
3
/(h.m

2
) @ 50Pa) and Phase 1/2 value of 9.84 m

3
/(h.m

2
) @

50Pa. When it is considered that the wall/roof insulation and glazing

improvements combined achieved a reduction of 5.73 m
3
/(h.m

2
) @ 50Pa, the

further 4.84 m
3
/(h.m

2
) @ 50Pa accredited to the floor sealing works alone is

quite considerable. This demonstrates that it is extremely important to ensure

that an air tight seal is present at the junction between the floor and wall

elements in order to restrict heat losses via this pathway (Gillott et al., 2013b).

5.5 Initial Coheating Test � November 2010

A coheating test was undertaken in relation to the E.On House in November

2010, following the completion of the Phase 3 improvements (air tightness of

8.6 m
3
/(h.m

2
) @ 50Pa). The methodology outlined in Sections 2.3.2 and 4.5.2

was utilised, and the data is included in Appendix 5. Linear regression was first

used to calculate a HLC for property using the measured temperature and raw

power data, as shown in Figure 5-4.
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Figure 5-4 - E.On House November 2010 Coheating Test � Uncorrected Data

The calculated HLC is given as 197.89 W/K, and the R
2

value indicates a strong

linear relationship between the variables. However, the heat input into the

property during the test may not truly represent the level of energy required to

maintain a constant internal temperature due to the impact of solar gains.

Therefore, solar data was obtained from a local weather station situated

approximately 150m from the dwelling, in order to correct the raw power data

for solar contribution. Multiple regression was used to obtain a factor in order

to correct for solar gains, which was then applied to the original power data.

Figure 5-5 shows the resulting linear regression analysis, derived from the

adjusted power data.

Figure 5-5 - E.On House November 2010 Coheating Test - Solar Corrected Data
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It is evident that there is some influence from solar gains during the test, with

the solar corrected HLC being 209.20 W/K as compared to the uncorrected

value of 197.89 W/K. The high R
2

value leads to a good level of confidence in

the data. The corrected HLC is 11.31 W/K higher than that calculated from the

raw power data. This reflects the environmental conditions at the time, as the

test was conducted on a number of clear days with moderate levels of solar

irradiance.

The more concerning aspect of this test result is that it is considerably lower

than the baseline SAP 2009 results generated using SAPPER 9 (Case 7). Whilst

the condition of the house had changed in the time elapsed between the

assessments, this was not considered to account for the 208.15 W/K difference

between the Phase 1 SAP value obtained from the data supplied by the original

assessor (417.35 W/K) and the measured coheating test value of 209.2 W/K.

The possible cause of this divergence was further explored in the next stage of

evaluation work.

5.6 Modified SAP 2009 Assessment

Whilst the initial predicted HLC cannot be directly compared to the first

coheating test measured value due to improvements made to the building

fabric, the exceptionally high level of divergence did present a cause for

concern. A review of the design-stage and post-construction information was

undertaken, which included re-measurement of floor and element areas, and

research into final specified u-values for materials used. The key cases

examined in the theoretical modelling work are summarised in Table 5-5.

A revised SAP model was constructed in SAPPER 9 (Case 3 and 6), in order to

obtain an indication of thermal performance that was more representative of

the completed dwelling in the original and Phase 1 states. This work is

summarised in Table 5-6.
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Table 5-5 - E.On House Key SAP Analyses

Table 5-6 - SAP 2009 Adjusted Values

Reference Name Description

Case 1 SAP 2005 Original House Assessment (No MVHR)

Case 2 SAP 2009 Assessment based on Case 1 data input (No MVHR)

Case 3 SAP 2009 Original House Assessment with as-built data (No MVHR)

Case 4 SAP 2005 Phase 1 Assessment (No MVHR)

Case 5 SAP 2009 Assessment based on Case 4 data input (No MVHR)

Case 6 SAP 2009 Phase 1 Assessment with as-built data (No MVHR)

Case 7 SAP 2009 Phase 3 Assessment (No MVHR)

Case 8 SAP 2009 Phase 3 Assessment (With MVHR)

Case 9 SAP 2009 Phase 4 Assessment (No MVHR)

Case 10 SAP 2009 Phase 4 Assessment (With MVHR)

Case 11 SAP 2009 Phase 6 Assessment (No MVHR)

Fabric

Heat

Losses

(W/K)

Ventilation

Heat Losses

(W/K)

Heat Loss

Coefficient

(W/K)

SAP

Rating
EI Rating

Primary

Energy

(kWh/m
2
/

year)

Space

Heating(kWh/

m
2
/year

Unadjusted

Original House

(no retrofit work)

653.24 141.63 794.87 6(G) 8(G) 770.9 293.14

Adjusted Original

House (no retrofit

work)

419.67 68.26 487.93 36(F) 33(F) 420.8 182.86

Difference -233.57 -73.37 -306.94 +30 +25 -350.1 -112.96

Unadjusted

Phase 1 House
343.52 73.83 417.35 28(F) 28(F) 481.93 150.84

Adjusted Phase 1

House
192.61 64.43 257.04 74(C) 73(C) 146.84 89.91

Difference -150.91 -9.4 -160.31 +46 +45 -335.59 -60.93
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It became clear that the information inputted into the original 2005 model,

then transposed into SAP 2009, did not accurately reflect the final state of the

dwelling. In respect of the Original House data, the HLC value derived from the

SAP 2005 using unadjusted data was 794.87 W/K, whilst the model created

using known data gave a reduced value of 487.93 W/K.

The amended data was inputted into the SAPPER 9 software, and an attempt

was made to quantify the contribution of each aspect of divergence of 306.94

W/K between the two versions. Each parameter was altered independently

using a one at a time approach, in order to estimate the W/K difference

attributable to each factor. Table 5-7 shows the information obtained from this

exercise.

It can be seen that the total W/K value obtained slightly exceeds the difference

noticed between the two models. This is possibly because of the difficulties of

isolating the effect of adjusting the floor area within the SAP software, as

changing this value would have influenced the resultant data throughout the

analysis. It could also be due to the need to change area and u-value data for

each element simultaneously, in order to gain an estimate of the true impact of

u-value variance within the model. Another area of ambiguity could relate to

the treatment of party walls, as the unadjusted model appears to take account

of this within the external wall measurement.

It is interesting to note that minor alterations to the window, door and floor

areas and u-values have very little influence on the overall calculations, and

collectively balance to almost a nil effect. The subjective assessment of the level

of sheltering to the property does have a small effect on the data, and the use

of measured air pressure test data also affects the HLC to a notable extent.
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Table 5-7 - Original E.On House - HLC W/K Variances for Key Input Data

Parameter
Original House �

Unadjusted

Model

Original House -

Adjusted Model

HLC Contribution

(W/K)

Floor Area 108.08m
2

107.82m
2 Accounted for in

alterations

Air Permeability 19 15.57 +13.45

Sheltered Sides 1 2 +4.54

Door Details � Solid

(area and u-value)

6.65m
2

3.00W/m
2
K

1.91m
2

4.08W/m
2
K

+6.85

Door Details � Glazed

(area and u-value)
Included

1.91m
2

3.00W/m
2
K

Included

Window Details

(area and u-value)

24.47m
2

4.03W/m
2
K

28.52m
2

4.03W/m
2
K

-4.47

Floor 1 Details (main house)

(area and u-value)

43.34m
2

0.68W/m
2
K

42.43m
2

0.72W/m
2
K

-0.95

Floor 2 Details (kitchen)

(area and u-value)

9.46m
2

1.00W/m
2
K

10.27m
2

0.99W/m
2
K

-0.83

Floor 3 Details (bay window)

(area and u-value)

2.48m
2

0.81W/m
2
K

2.42m
2

0.81W/m
2
K

+0.05

Wall 1 Details (masonry

external)

(area and u-value)

129.53m
2

1.39W/m
2
K

63.57m
2

1.29W/m
2
K

+109.37

Wall 2 Details (bay window)

(area and u-value)

8.56m
2

1.69W/m
2
K

6.72m
2

1.39W/m
2
K

+21.34

Wall 3 Details (coal house)

(area and u-value)
Included

10.61m
2

1.19W/m
2
K

Included

Wall 4 Details (cladded

external)

(area and u-value)

Included
5.76m

2

0.25W/m
2
K

Included

Roof 1 Details (main roof)

(area and u-value)

71.55m
2

2.10W/m
2
K

53.18m
2

1.63W/m
2
K

+66.23

Roof 2 Details (over hang)

(area and u-value)

2.49m
2

3.15W/m
2
K

1.93m
2

3.15W/m
2
K

+17.79

Thermal Bridging
Assumed

(y value 0.5)

Assumed

(y value 0.15)
+80.23

Total 313.60
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The main areas contributing to the large difference observed between the

models are the roof and wall details. In the case of the roof, it appears that the

original assessor used a different technique to measure the roof area, taking it

to relate to the pitched roof rather than to the flat area over the ceiling plan.

The latter approach results in a smaller area being used to determine heat

losses. This measurement technique has been selected due to the intention to

insulate at this level in future retro-fit phases. The difference in methodology is

responsible for almost 30% of the divergence in data, which is essentially due to

a data input error rather than the calculation methods included in the SAP

methodology.

Measurement of the external wall areas is another aspect that contributes

greatly, and is responsible for over 40% of the difference in HLC value. The

assumptions made by the original assessor are not known with regard to this, so

it is difficult to make detailed observation on this matter. However there is an

obvious difference in the method used to determine external wall areas, which

may be in part due to the treatment of the party wall.

Thermal bridging calculations are also a key influence, where the use of

calculated data reduces the HLC in the unadjusted model by 25%. Whilst the

default Y value within SAP 2005 was 0.15, the level of thermal bridging included

by the original assessor indicates that larger allowances (0.5) were made within

their model. It is possible to input this data manually within the SAP based

software packages.

A similar exercise was undertaken with respect to the E.On House Phase 1 data,

as shown in Table 5-8. An unadjusted HLC of 417.35 W/K was provided in the

initial assessment, which is 160.31 W/K higher than the version constructed

using updated details (257.04 W/K). After adjustment, there is still a heat loss

difference of 10.81 W/K unaccounted for. This could be largely due to the

factors outlined previously in respect of the Original House analysis.
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The main areas of discrepancy are similar to those observed in relation to the

Original House assessments. The contribution from the roof details has reduced

significantly, as has that from the external wall to some extent, due to the lower

u-values now achieved in the property through installation of insulation.

Thermal bridging has the same absolute value as no change has been made to

this aspect of the structure, but has a more pronounced effect in the more

airtight and thermally efficient property as heat losses through other means are

reduced.

All of the factors highlighted in this analysis demonstrate the importance of

accurate data entry and the need to realign initial models with updated data in

order to obtain a more fair representation of the thermal performance of a

dwelling.
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Table 5-8 - Phase 1 E.On House - HLC W/K Variances for Key Input Data

Parameter

Phase 1 House �

Unadjusted

Model

Phase 1 House -

Adjusted Model

HLC Contribution

(W/K)

Floor Area 108.08m
2

107.82m
2 Accounted for in

alterations

Air Permeability 15.80 14.31 +4.57

Sheltered Sides 1 2 +3.84

Door Details � Solid

(area and u-value)

6.65m
2

3.00W/m
2
K

1.91m
2

2.82W/m
2
K

+11.73

Door Details � Glazed

(area and u-value)
Included

1.91m
2

1.7/m
2
K

Included

Window Details

(area and u-value)

24.47m
2

1.59W/m
2
K

28.52m
2

1.5 & 1.7W/m
2
K

+2.73

Floor 1 Details (main house)

(area and u-value)

43.34m
2

0.68W/m
2
K

42.43m
2

0.72W/m
2
K

+2.9

Floor 2 Details (kitchen)

(area and u-value)

9.46m
2

1.00W/m
2
K

10.27m
2

0.99W/m
2
K

+3.01

Floor 3 Details (bay window)

(area and u-value)

2.48m
2

0.81W/m
2
K

2.42m
2

0.81W/m
2
K

+3.9

Wall 1 Details (masonry external)

(area and u-value)

129.53m
2

0.54W/m
2
K

63.57m
2

0.554W/m
2
K

+33.15

Wall 2 Details (bay window)

(area and u-value)

8.56m
2

0.69W/m
2
K

6.72m
2

1.39W/m
2
K

-3.16

Wall 3 Details (coal house)

(area and u-value)
Included

10.61m
2

1.19W/m
2
K

Included

Wall 4 Details (cladded external)

(area and u-value)
Included

5.76m
2

0.19W/m
2
K

Included

Roof 1 Details (main roof)

(area and u-value)

71.55m
2

0.15W/m
2
K

53.18m
2

0.164W/m
2
K

+4.77

Roof 2 Details (over hang)

(area and u-value)

2.49m
2

3.15W/m
2
K

1.93m
2

3.15W/m
2
K

+1.84

Thermal Bridging
Assumed

(y value 0.5)

Assumed

(y value 0.15)
+80.23

Total 149.50
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5.6.1 SAP 2009 Assessments for Each Phase of Retrofit

The work undertaken in Section 5.6 enabled a greater degree of confidence to

be placed in the data used to construct the SAP 2009 model. Therefore, the

design-stage HLC for each phase of the retrofit project, as described in Section

5.1, was calculated through use of SAPPER 9. Measured air permeability values

were used, as obtained through the air pressurisation method and presented in

Section 5.4. No pressurisation test was undertaken following Phase 6, and so

the data from the most recent test (Phase 5) was used in the calculations. It is

assumed that this value would have remained relatively constant, as the retro-

fit measures during Phase 6 were related to fabric upgrades rather than draught

proofing or improvements to air tightness.

Table 5-9 and 5-10 show the relevant information for the property in a naturally

ventilated and mechanically ventilated (MVHR) state. When a natural

ventilation strategy is applied to the model, the largest impact on the HLC

values is related to fabric upgrades, with most of this work occurring between

Phases 1 and 2 and Phases 5 and 6. The reduction in HLC attributable to these

two areas comprises 255.94 W/K (almost 90%) of the total decrease in this

parameter. The air tightness works between Phases 2 and 5 account for the

remaining 10% improvement. A similar trend is apparent in the Primary Energy

and Space Heating demand data. This demonstrates that ensuring that the

building envelope is thermally effective is of key importance, with additional air

tightness measures providing some, but not as extensive, benefits.

It is interesting to observe the different trend in the data contained in Table 5-

10 as compared to the naturally ventilated case presented in Table 5-9. In Table

5-10, a ventilation strategy utilising an MVHR system is applied to the data from

Phase 2 onwards (the point at which the MVHR system was installed in the E.On

House).
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Table 5-9 - SAP 2009 Assessment Data for Each Phase of Retrofit (Natural Ventilation)

Table 5-10 - SAP 2009 Assessment Data for Each Phase of Retrofit (MVHR in Operation from

Phase 2 Onwards)

Fabric

Heat

Losses

(W/K)

Ventilation

Heat

Losses

(W/K)

Heat Loss

Coefficient

(W/K)

SAP

Rating

EI

Rating

Primary

Energy

(kWh/m
2
/year)

Space

Heating

(kWh/m
2
/

year

Original House 419.67 68.26 487.93 36(F) 33(F) 420.8 182.66

Phase 1 192.61 64.43 257.04 74(C) 73(C) 146.84 89.91

Phase 2 192.61 53.46 246.07 75(C) 74(C) 140.87 84.73

Phase 3 192.61 51.13 243.74 75(C) 75(C) 139.59 83.62

Phase 4 192.61 46.16 238.77 76(C) 75(C) 136.83 81.22

Phase 5 192.61 45.90 238.51 76(C) 75(C) 136.69 81.1

Phase 6 167.15 45.90 213.05 77(C) 77(C) 124.41 70.42

Fabric

Heat
Losses

(W/K)

Ventilation

Heat Losses

(W/K)

Heat Loss

Coefficient

(W/K)

SAP

Rating

EI

Rating

Primary

Energy
(kWh/m2

/year)

Space

Heating

(kWh/m2/

year

Original House 419.67 68.26 487.93 36(F) 33(F) 420.8 182.66

Phase 1 192.61 64.43 257.04 72(C) 71(D) 159.53 89.91

Phase 2 192.61 51.37 243.98 73(C) 73(C) 150.17 84.67

Phase 3 192.61 46.18 238.79 74(C) 73(C) 147.52 82.37

Phase 4 192.61 31.14 223.75 75(C) 75(C) 139.7 75.58

Phase 5 192.61 30.06 222.67 75(C) 75(C) 139.13 75.09

Phase 6 167.15 30.05 197.20 77(C) 77(C) 126.57 64.17
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Figure 5-6 displays this more clearly, with the original house HLC value omitted

as this was the same in both cases.

Figure 5-6 - Impact of Ventilation Strategy on HLC

The integration of the MVHR system into the model results in a consistent

decrease in HLC value, suggesting that it presents a more efficient ventilation

strategy as compared to natural ventilation. This conflicts with conclusions

drawn from earlier research into the E.On House, which observed that an MVHR

system would not become an effective ventilation option until airtightness

levels of approximately 3 to 5 m
3
/(h.m

2
) @ 50Pa were achieved (Banfill et al.,

2011a; Banfill et al., 2011b). In the data presented here, a saving against natural

ventilation is realised at 8.6 m
3
/(h.m

2
) @ 50Pa.

Investigation into possible causes for this discrepancy revealed that part of the

issue may be related to the treatment of natural ventilation in the SAP

methodology. An additional uplift of 0.5 ACH rate is applied to the effective air

change rate associated with background infiltration levels during the calculation,

and so increases the overall ventilation rate for this strategy. This may apply in a

non-airtight dwelling, where it is anticipated that occupants will open windows

and trickle vents in order to maintain a good level of air quality. However, when
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the building envelope is increasingly sealed, and an MVHR unit is installed as

the means of ventilation, this is no longer the case.

It was therefore concluded that background infiltration rate, with no allowance

for natural ventilation, would be a more appropriate value for comparison

against both the MVHR modelled data and the measured coheating test HLC

results. This contention is further supported when the condition of the property

during the coheating test is considered, with all windows and vents closed to

prevent all but background fabric infiltration losses.

5.6.2 Design-Stage HLC Values for Comparison to Measured Data

In order to calculate the background infiltration design-stage HLC values, the

SAP methodology for this component of the calculation was exported into a

specifically constructed Excel spreadsheet. This was necessary as, within the

software and SAP worksheet, this value cannot be treated separately prior to

application of an additional ventilation strategy. Table 5-11 shows the

theoretical background infiltration only values derived using this approach,

applying SAP embedded generic monthly wind speed data, for both the

unventilated and mechanically ventilated conditions.

The data is now more comparable to the situation observed in previous work

associated with MVHR systems, where operational effectiveness is not apparent

until a highly air tight building envelope is attained. The point at which the

MVHR system becomes the more efficient ventilation is clearly at Phase 6,

where a pressure test result of 4.74 m
3
/(h.m

2
) @ 50Pa, in conjunction with

additional fabric improvements, results in a lower HLC for this modelled state as

compared to background only infiltration.
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Table 5-11 - E.On House Background Infiltration Only and MVHR in Operation HLC Values

No Additional Ventilation
(Background Infiltration only)

MVHR
Ventilation

Fabric Heat

Losses (W/K)

Ventilation

Heat Losses

(W/K)

Heat Loss

Coefficient

(W/K)

Fabric

Heat

Losses

(W/K)

Ventilation

Heat Losses

(W/K)

Heat Loss

Coefficient

(W/K)

Original House 419.67 64.91 484.58 419.67 75.10 494.77

Phase 1 192.61 59.99 252.60 192.61 70.18 262.79

Phase 2 192.61 41.31 233.92 192.61 51.49 244.10

Phase 3 192.61 36.39 229.00 192.61 46.57 239.18

Phase 4 192.61 20.65 213.26 192.61 30.84 223.45

Phase 5 192.61 19.67 212.28 192.61 29.85 222.46

Phase 6 167.15 40.49 207.64 167.15 29.85 197.00

The relationship between the two sets of HLC values is shown in Figure 5-7.

Figure 5-7 - E.On House - Background Infiltration Only and MVHR in Operation HLC

Relationship
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The interrogation of the integrity of natural ventilation HLC data for use as a

design-stage benchmark has suggested that it perhaps does not provide an

equivalent value for comparison with measured coheating test results.

Background infiltration values may be more appropriate, due to the fact that

the coheating test is undertaken in sealed conditions with no natural ventilation.

Comparison of the data with previous research undertaken regarding

ventilation strategy on the property appears to support this assertion, and so

the values of HLC utilising background infiltration only data will be used

throughout this analysis. In addition, local daily wind data will be introduced

into the bespoke spreadsheet for evaluation of the coheating test HLC, in order

to include empirical data and adjust for wind conditions relevant to the site at

the time of each test.

5.7 Coheating Test � Ventilation Strategy � November 2010

The data from the initial coheating test detailed in Section 5.5 was reassessed

following the adjustment of the SAP model parameters, and the data is included

in Appendix 5. A design-stage HLC (Case 6) was calculated utilising background

only infiltration rates, an air pressure test result of 8.6 m
3
/(h.m

2
) @ 50Pa, and

relevant daily wind speed data. This produced a predicted HLC value of 205.26

W/K, which can be compared against the measured coheating test result of

209.2 W/K, corrected for solar gains using multiple regression analysis. The two

values are very close, and the difference of 3.94 W/K (less that 2% disparity) is

within the scope of error attributable to the methodology used to derive either

HLC value. This indicates that the post-construction fabric performance of the

property is aligning with design-stage prediction.

Due to the apparent agreement between the two HLC values, and the

availability of the E.On House for further testing at this time, the opportunity

was presented to undertake a second coheating test but with altered

ventilation conditions. Immediately following the completion of the initial test,

the MVHR outlet vents were unsealed and the system was activated. The HLC

calculated from the uncorrected data amounted to 239.84 W/K, and increased
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minimally to 241.57 W/K when corrected for solar radiation effects. The

background infiltration only HLC calculated for the property with an airtightness

of 8.6 m
3
/(h.m

2
) @ 50Pa and MVHR ventilation strategy operating at the

manufacturer stated 90% level of efficiency was 222.68 W/K.

It can be seen that there is now a larger divergence between the predicted and

measured HLC data. This is displayed more clearly in Table 5-12.

Table 5-12 - Impact of Ventilation Strategy on HLC

The W/K difference between the design stage and solar corrected measured

data values has increased by almost five times (in absolute terms) when the

MVHR system is in operation, with approximately 8.5% discrepancy now

apparent between the two values. This is still relatively low when considered in

the context of the analysis as a whole, although the magnitude of difference

between the design and measured HLC attributable to the difference in

ventilation strategy remains quite considerable.

It is also interesting to note that the MVHR system increased the energy

demand of the dwelling by about 15% as compared to the infiltration only base-

case coheating test result. This is over 50% more than the increase observed in

the equivalent predicted HLC values calculated using SAP principles. In order to

determine whether the actual function of the MVHR system, rather than the

methodology used to derive the theoretical and post-construction HLC data,

was affecting the results, further analysis of the MVHR system was undertaken.

SAP Heat Loss

Coefficient

(HLC) W/K

Regression Analysis

Heat Loss Coefficient

(HLC) W/K

Difference (W/K) Difference (%)

EOn House - Background

Infiltration Only
205.26 209.20 3.94 1.92%

EOn House - MVHR in

Operation
222.68 241.57 18.89 8.48%

Difference (W/K) 17.42 32.37

Difference (%) 8.49% 15.47%
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Temperature probes were placed into the supply and extract ductwork 500mm

from the MVHR control unit in the loft space to depth of 70mm in each duct

(one third of total diameter to ensure unrestricted air flow), and a power meter

was installed in order to collect data relating to system energy consumption.

Using internal dwelling temperature data, it was possible to assess the overall

temperature efficiency of the system, using the methodology outlined in

Sections 2.3.3 and 4.7. Several tests were undertaken, and the measured post-

installation efficiency was found to be 81%. This was not surprising, given the

difficulties that can be encountered when retro-fitting an MVHR system into an

existing property. However, the SAP-based design-stage HLC was calculated

based on an assumed manufacturer specified efficiency of 90%, and so this

could be erroneously reducing the predicted HLC value.

In addition, system flow rates were measured at each supply and extract duct

within the living space of the house using a Testo 417 vane anemometer, in

order to evaluate air throughout through the MVHR system. The supply ducts

were located in the living and dining rooms and each of three bedrooms, while

the extract ducts were situated in the kitchen, bathroom and toilet.

The SAP methodology assumes that the supply and extract flow rates within the

system are balanced, and both supply and extract flow rates are fixed at 0.5

ACH per hour. In practise, this may not always be the case, which may impact

upon the performance of the heat recovery potential of the ventilation system.

When the supply and extract rates are not equal, the dwelling may be placed in

a pressurised or depressurised state, which could result in the absolute loss of

warm air that cannot be heat recovered. It may also influence natural

infiltration levels within the property.
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Table 5-13 contains the data obtained during the testing process.

Table 5-13 - E.On House MVHR System Flow Rate Data

In terms of actual air throughput in l/s, a comparison can be made with the

optimum levels specified in literature for a Titon HRV2 QPlus system, where the

system specified flow rate is 33 l/s (Titon, 2009). This is slightly lower than that

measured on site (an average supply/extract flow rate of 36.515 l/s). The

finding of the most concern within the data is that the system is placing the

dwelling in an artificially pressurised state, with an over-supply of fresh air as

compared to extract levels, which could ultimately lead to increased heat losses

due to additional air movement through the building fabric.

The measured extract rate of 0.44 ACH is lower than the 0.5 ACH rate that is

assumed in calculations embedded within the SAP methodology, whilst the

supply rate is higher at 0.55 ACH. However, both are close to the theoretical

values used within the model. The difference of 0.11 ACH between the two

values represents the imbalance within the system.

The results obtained from the tests associated with the MVHR function show

that the assumed values of 90% efficiency and 0.5 ACH rate are not providing a

fair design-stage HLC value, as this level of performance was not being achieved

by the system at the time of the coheating test. Therefore, further analysis was

undertaken in order to align the SAP predicted data with the conditions

relevant during the post-construction evaluation, as detailed in Table 5-14.

Supply Flow

Rate (l/s)

Supply Flow Rate

(ACH)

Extract Flow

Rate (l/s)

Extract Flow Rate

(ACH)
Balance

E.On House - MVHR System

Evaluation
40.68 0.55 32.35 0.44 +0.11ACH
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Table 5-14 - Adjusted HLC Data Following MVHR System Assessment

The use of the adjusted SAP HLC derived for the MVHR system functioning at 81%

rather than 90% efficiency affects the difference in HLC value attributable to the

function of the MVHR system, reducing the discrepancy between the predicted

and measured values by 3 W/K. An additional energy requirement was

calculated to account for the pressurised operation of the system, as follows:

0.11 x 264.33 x 0.33 = 9.60 W/K

In this instance, 0.11 represents the additional ACH associated with the system

imbalance, whilst 264.33m
3

relates to the dwelling volume and 0.33 is a factor

applied to account for the specific heat capacity and density of air. The

calculated increase in theoretical heat loss due to the pressurisation effects of

the MVHR system amounts to approximately 10 W/K.

The additional heat losses observed in designed and measured HLC attributable

to the function of the MVHR system at 81% is 11.55 W/K (32.37 W/K (81%)

minus 20.82 W/K (90%)). This is comparable to the 10 W/K calculated in relation

to the impact of the system pressurisation effects. An estimate of potential

experimental error due to variances within equipment measurements showed

that an inaccuracy could exist of approximately +/- 8% in the data.

SAP Heat Loss

Coefficient

(HLC) W/K

Regression Analysis

Heat Loss Coefficient

(HLC) W/K

Difference (W/K) Difference (%)

EOn House - Background

Infiltration Only
205.26 209.20 3.94 1.92%

EOn House - MVHR in

Operation (81% Efficiency)
226.08 241.57 15.49 6.85%

Difference (W/K) 20.82 32.37

Difference (%) 10.14% 15.47%
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It can clearly be seen that careful installation and commissioning of the system

could have enabled agreement to be achieved between the predicted and

observed HLC values, as both poor system efficiency and incorrect flow rates

have contributed to the apparent disparity between the original SAP HLC and

the coheating test data. The work also emphasises the need to ensure that

MVHR systems are designed and fitted correctly, in order to prevent

unnecessary heat losses arising from, and reduced effectiveness of, this type of

ventilation strategy.

5.8 Coheating Test � MVHR Upgrade Work � March 2011

The investigations undertaken as part of the initial coheating test detailed in

Section 5.7 raised concerns as to the performance of the MVHR system installed

in the E.On House. The manufacturer expressed an interest in being involved

with further investigation work to attempt to resolve the issues of the less than

optimum efficiency levels (81%) and the imbalance (+0.11 ACH) associated with

the system.

As such, in March 2011, a coheating test was undertaken, with and without the

MVHR system in operation, in order to verify and establish the baseline

performance levels of the dwelling at this point in time. The data is included in

Appendix 5. Since the previous coheating test performed to evaluate the

performance of the MVHR system in November 2010, the property had been

subjected to a number of fabric upgrades. These correspond to Phase 4 (SAP

Case 9 and 10) of the retro-fit programme outlined in Section 5.1, and the

property now achieved an air pressure test result of 4.74 m
3
/(h.m

2
) @ 50Pa.

Baseline predicted HLC data was derived using the methodology previously

employed, resulting in a value of 173.04 W/K and 184.00 W/K for the dwelling

with background infiltration only and MVHR in operation (assuming 90%

efficiency) respectively. Table 5-15 contains the coheating test data obtained.
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Table 5-15 - Baseline MVHR Coheating Test Data

The impact of solar radiation and the importance of adequate correction for

solar effects is clearly apparent within the data. Prior to the application of

multiple regression analysis, the uncorrected (raw) measured HLC derived from

linear regression misleadingly implies that the dwelling is out-performing the

design stage W/K value by a considerable amount. However, when adjustments

are made for solar gains using multiple regression, the coheating test HLC

increases significantly and exceeds the modelled data. This situation is not

surprising, as this series of tests were undertaken in the early spring, during a

period when clear skies and sunshine were the prevailing weather conditions.

In terms of the performance of the dwelling, the baseline case with background

infiltration included shows that the fabric of the building is performing largely in

line with expectations. The MVHR system adds an additional load of 24 W/K,

but it is already known that it is not performing to the optimum 90% efficiency

levels specified by the manufacturer, and the air throughput is not correctly

balanced. The error inherent in the measuring equipment could also be

accounting for approximately +/- 14 W/K or 17 W/K for the background

infiltration only and MVHR in operation ventilation strategies respectively, thus

explaining the apparent over-performance against design expectations

observed in the former case.

SAP Heat Loss

Coefficient (HLC)

W/K

Raw Coheating Test Heat

Loss Coefficient (HLC)

W/K

Regression

Analysis Heat Loss

Coefficient (HLC)

W/K

EOn House - Background

Infiltration Only
173.07 162.68 171.62

EOn House - MVHR in Operation

(Assumed 90% Efficiency)
184.00 165.12 209.80

Difference (W/K) 10.93 2.44 38.18
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In order to assess performance of the system at this point in time,

measurements of power consumption, duct temperatures, room temperatures

and supply/extract flow rates were obtained using the methods already

outlined. This resulted in the data displayed in Table 5-16.

Table 5-16 - Experimental Data - E.On House MVHR System

The efficiency of the system appears to have reduced further, possibly due to

the impact of the fabric improvements undertaken and changes to the

airtightness properties of the dwelling. The system supply and extract flow rates

have both increased significantly compared to previous tests, by a factor of

around 15-20%.

Thermal imaging was used to determine the possible location of heat losses

within the MVHR system unit and ductwork situated in the loft. Figure 5-8

illustrates that both the system control unit and heat exchanger, and the

ducting in the loft space, were not adequately insulated. It was concluded that

increased insulation of all system elements could enable higher temperature

efficiencies to be achieved.

Figure 5-8 - Thermal Images of MVHR Control Unit & Duct Work

Supply Flow

Rate (l/s)

Supply Flow Rate

(ACH)

Extract Flow

Rate (l/s)

Extract Flow Rate

(ACH)
Balance Efficiency

E.On House - MVHR System

(before work)
51.19 0.85 37.36 0.62 +0.23ACH 76%
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Modifications were made to the MVHR control box unit, whereby an insulated

jacket was fitted in order to reduce heat losses from the heat exchanger at

source. Further work was also undertaken to improve the seal at junctions

between insulation lengths around the ducting in the loft space. In addition, a

variable speed independent fan control was installed, which enabled more

refined regulation of air flow rates, due to the ability to adjust the supply and

extract fan speeds independently.

Following completion of the improvement works, the MVHR system was

recommissioned through adjustment of the supply and extract rates using the

control unit and fine-tuning at individual supply and extract vents. The design

flow rate of 33 l/s was attained. Subsequently, as a direct result from this

research, the manufacturer now utilises independent fan control units as

standard on all of their MVHR units, due to the ease with which it enables

balanced system air throughput levels to be achieved.

Further investigation of the MVHR system performance enabled evaluation of

the effect of the new controller and enhanced insulation. This involved a

coheating test, and re-measurement of system efficiencies and flow rates, with

the latter data shown in Table 5-17.

Table 5-17 - E.On House MVHR System Data (Improved)

The measured flow rates following the installation of the new controller are

significantly lower than those present prior to the works, and are more

comparable to the optimum air throughput values suggested by the

manufacturer (33 l/s) but remain in excess of minimum required extract flow

rates of 21 l/s, as stipulated for a three bedroom dwelling by Building

Supply Flow

Rate (l/s)

Supply Flow Rate

(ACH)

Extract Flow

Rate (l/s)

Extract Flow

Rate (ACH)
Balance Efficiency

E.On House - MVHR System

(before work)
51.19 0.85 37.36 0.62 +0.23ACH 76%

E.On House - MVHR System

(after work)
33.74 0.56 28.89 0.48 +0.08ACH 90%
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Regulations 2010 Part F (Department for Communities and Local Government

(DCLG), 2010a). The MVHR system is still placing the house in a pressurized

state, although the level of air over-supply has reduced considerably. The

calculated system efficiency is now 90%, indicating that the heat recovery

performance has improved due to the insulation of the control unit and

ductwork in order to achieve optimum operational conditions.

A second comparative analysis of the predicted and measured HLC values was

undertaken, in order to assess the effect of the improvement works to the

overall energy demand of the E.On House. The initial assessment was based on

a comparison between the SAP and coheating data, which has now been shown

to be inappropriate as the predicted and measured heat loss values were not

based on consistent operating conditions due to inefficiencies later measured

within the MVHR system. The HLC calculated using SAP assumed a system

efficiency of 90%, whilst at the time of the coheating test, the MVHR system

was found to be operating at 76% efficiency. The original HLC data did, however,

highlight the inefficient working of the system, resulting in further research and

system improvements.

It can be seen in Table 5-18 that the increase associated with each ventilation

scenario is twice as much for the measured data as it is for the modelled data,

with the increased W/K value associated with the lower efficiency accounting

for approximately a 23-30% uplift in HLC value against the background

infiltration only base case.

This is more clearly demonstrated in Table 5-19 where a direct comparison is

made between the three sets of data. As noted previously, the difference

between the measured and predicted HLC for the infiltration only baseline case

is minimal, which suggests that the fabric of the E.On House is functioning to

design levels of thermal performance. However, even when the MVHR system is

functioning at 90% optimum efficiency, there is a discrepancy between the two

HLC values of 14.50 W/K. This is greater when the system is functioning at 76%

efficiency (22.58 W/K).
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Table 5-18 - HLC Values for Ventilation Strategies

Table 5-19 - Comparison of Predicted and Measured HLC Values

The measured supply and extract flow rates appear to remain unbalanced

following the system modifications and recommissioning of the system,

amounting to the house being pressurised by +0.08 ACH. The equivalent air

leakage rate, when calculated as in Section 5.7, suggests that this imbalance

could account for increase in the theoretical heat loss of approximately 6.98

W/K (0.08 x 264.33 x 0.33 = 6.98 W/K).

The imbalance is greater prior to the improvement works, where the MVHR

system is pressurizing the house with an over-supply of air of +0.23 ACH, which

is the equivalent to heat losses of approximately 20.06 W/K (0.23 x 264.33 x

0.33). The impact of the system imbalance is shown in Table 5-20.

SAP Heat Loss

Coefficient

(HLC) W/K

Increase (W/K)

Regression

Analysis Heat

Loss Coefficient

(HLC) W/K

Increase (W/K)

EOn House - Background

Infiltration Only
173.07 171.62

EOn House - MVHR in

Operation (Measured 76%

Efficiency)

187.22 209.80

EOn House - Background

Infiltration Only
173.07 171.62

EOn House - MVHR in

Operation (Measured 90%

Efficiency)

184.00 198.50

14.15

10.93

38.18

26.88

SAP Heat Loss

Coefficient

(HLC) W/K

Regression Analysis

Heat Loss Coefficient

(HLC) W/K

Difference W/K

EOn House - Background

Infiltration Only
173.07 171.62 -1.45

EOn House - MVHR in

Operation (Measured 90%

Efficiency)

184.00 198.50 14.50

EOn House - MVHR in

Operation (Measured 76%

Efficiency)

187.22 209.80 22.58
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Table 5-20 - MVHR Improvement Work - HLC Data

The data now aligns more closely with the design stage expectations. This

demonstrates clearly that it is necessary to ensure that the predicted and

measured HLC values are comparable and that the same assumptions are

applied to each case. Without adjustments to account for heat recovery

inefficiencies and the increased heat losses associated with unbalanced system

function, a misleading comparison would have been made using data based on

different ventilation scenarios.

Whilst, in this case, that was not exceptionally significant, it does highlight that

careful consideration should be given to the installation and commissioning of

systems, and to the interpretation of data obtained from design stage and post

construction evaluations. The unaccounted for heat loss could be accounted for,

in part, by the level of measurement error inherent in the monitoring and

recording equipment (approximately +/-8% - equivalent to up to 16 W/K).

If a comparison is drawn between the predicted and measured data for each of

the investigations where the house was in a background only infiltration and

MVHR ventilated condition, trends can be observed within the data. As shown

in Table 5-21, in both cases where there is a reduced efficiency noted in the

MVHR system (81% and 76%), the additional measured heat losses associated

with the reduced efficiency of the MVHR system are greater than those

predicted in the SAP model.

SAP Heat Loss

Coefficient

(HLC) W/K

Regression Analysis

Heat Loss

Coefficient (HLC)

W/K

Difference W/K

Heat Loss Due to

System Imbalance

W/K

Unaccounted

Heat Loss

W/K

EOn House - Background

Infiltration Only
173.07 171.62 -1.45 n/a n/a

EOn House - MVHR in

Operation (Measured 90%

Efficiency)

184.00 198.50 14.50 6.98 7.52

EOn House - MVHR in

Operation (Measured 76%

Efficiency)

187.22 209.80 22.58 20.06 2.52
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Table 5-21 - HLC Data Comparison - Predicted and Measured Values (Ventilation Strategy)

However, when the MVHR system is operating at optimum efficiency (90%), the

values align, and both modelled and measured data indicates an additional

uplift for MVHR of approximately 10 W/K. Whilst the actual HLC values still vary

between theoretical and observed values, it is interesting to see that the

penalty imposed by the SAP methodology for an MVHR ventilation strategy is

relevant in practise.

5.9 CﾗｴW;デｷﾐｪ TWゲデ に Iﾏヮ;Iデ ﾗa лT に FWHヴ┌;ヴ┞ ヲヰヱヱ 

The standard coheating test methodology developed by Leeds Metropolitan

University suggests that, for the duration of a test, a dwelling should be heated

to approximately 25°C in order to achieve a sufficient enough temperature

difference between internal and external temperatures to obtain

representative measured HLC data for the property (Wingfield, J. , 2011). A

ﾏｷﾐｷﾏ┌ﾏ лT ┗;ﾉ┌W ﾗa ヱヰェC ｷゲ IﾗﾐゲｷSWヴWS デﾗ HW ;ヮヮヴﾗヮヴｷ;デWが ｷﾐ ﾗヴSWヴ デﾗ Wﾐゲ┌ヴW 

that the direction of heat flow is from the internal space to the external

environment (Johnston et al., 2013). This limits the use of the coheating test, as

weather conditions required to achieve this state are usually only present in the

UK during the winter months. It presents additional issues, as external

temperatures are not controllable, and often fall below 0°C during December -

SAP Heat Loss

Coefficient

(HLC) W/K

Difference (W/K)

Regression

Analysis Heat

Loss Coefficient

(HLC) W/K

Difference (W/K)

EOn House - Background

Infiltration Only (November 2010)
205.26 210.02

EOn House - MVHR in Operation

(Measured 81% Efficiency)
226.08 241.57

EOn House - Background

Infiltration Only (March 2011)
173.07 189.43

EOn House - MVHR in Operation

(Measured 76% Efficiency)
187.22 209.80

EOn House - Background

Infiltration Only (March 2011)
173.07 189.43

EOn House - MVHR in Operation

(Measured 90% Efficiency)
184.00 198.50

+10.93

+31.55

+20.37

+9.07

+20.82

+14.15
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FWHヴ┌;ヴ┞く Tｴｷゲ I;ﾐ IヴW;デW ; ﾉ;ヴｪWヴ лT デｴ;ﾐ SWゲｷヴWSが ┘ｴｷIｴ ﾏ;┞ ｷﾐaﾉ┌WﾐIW デｴW 

measured HLC values obtained.

A coheating test was undertaken in February 2011 in order to assess the impact

of an increased temperature difference on the measured HLC data, and the

data is included in Appendix 5. The property was in a physical state as at Phase

5 of the retro-fit programme, and achieved an air pressure test result of 4.74

m
3
/(h.m

2
) @ 50Pa. An internal temperature of approximately 22°C was

ﾏ;ｷﾐデ;ｷﾐWS aﾗヴ ゲW┗Wヴ;ﾉ S;┞ゲが IヴW;デｷﾐｪ ;ﾐ ;┗Wヴ;ｪW лT ﾗa ヱヵKく TｴW ｷﾐデWヴﾐ;ﾉ 

デWﾏヮWヴ;デ┌ヴW ┘;ゲ デｴWﾐ ｷﾐIヴW;ゲWS H┞ ヱヰC デﾗ ンヲェCが ヴWゲ┌ﾉデｷﾐｪ ｷﾐ ; ﾏW;ﾐ лT ﾗa ヲヲ Kく 

The resultant data, both original and corrected for solar gains, is shown in

Figure 5-9.

Fｷｪ┌ヴW ヵどΓ ど EくOﾐ Hﾗ┌ゲW CﾗｴW;デｷﾐｪ TWゲデ ど лT V;ヴｷ;ﾐIWゲ 
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At the time of the coheating tests, the HLC calculated using the SAP-based

methodology provided a predicted value of 204.21 W/K when corrected for

local wind speeds relevant at the time of the coheating test, using the

spreadsheet included in Appendix 3. The measured HLC data for the test

┌ﾐSWヴデ;ﾆWﾐ ┘ｷデｴ ; ﾉﾗ┘Wヴ лT ヮヴﾗS┌IWゲ ; HLC ﾗa ヱΒヲくヱΓ WっKが ┘ｴｷﾉゲデ ; ┗;ﾉ┌W ﾗa 

225.28 W/K is obtained when a higher temperature difference is employed. This

shows an apparent discrepancy between the calculated and measured HLC data

of approximately +/- 22 W/K (10%). The effect of solar radiation on the results is

minimal in the case of the test period. The experimental error associated with

the test could account for up to 8% variance in the results, but may not fully

explain the divergence of the experimental results from the predicted HLC data.

The r
2

value relating to the test undertaken with an enhanced temperature is

low, which could indicate lack of reliability in this data.

When the data from both of the coheating tests is combined, it provides a HLC

of 205.46 W/K, as displayed in Figure 5-10. The R
2

value also presents a good

level of confidence in the data. The measured value of 205.46 W/K is now

almost identical to the calculated design-stage data (205.21 W/K). This is of

interest, as it demonstrates the sensitivity of the test to the conditions relevant

at the time it is undertaken. It appears that, for reliable and robust data to be

obtained, it is essential to complete the procedure over several days with

┗;ヴ┞ｷﾐｪ W┝デWヴﾐ;ﾉ デWﾏヮWヴ;デ┌ヴWゲ デﾗ ;IｴｷW┗W ; ヴ;ﾐｪW ﾗa лT IﾗﾐSｷデｷﾗﾐゲく  
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Figure 5-10 - E.On House Coheating Test - Combined Delta T Data

Fﾗヴ デｴW IﾗﾏHｷﾐWS S;デ;ゲWデが ;ﾐ ;┗Wヴ;ｪW лT ﾗa ヱΒくヶ K ┘;ゲ I;ﾉI┌ﾉ;デWSが ┘ｴｷIｴ ｷゲ 

almost twice the minimum level of 10 K commonly maintained during a

IﾗｴW;デｷﾐｪ デWゲデく IﾐSWWSが ;デ ﾐﾗ ヮﾗｷﾐデ S┌ヴｷﾐｪ デｴW デWゲデｷﾐｪ ヮWヴｷﾗS ┘;ゲ ゲ┌Iｴ ; ﾉﾗ┘ лT 

noted. Despite this, the measured HLC was comparable to the predicted value.

There may be scope to undertake the procedure in warmer months with

elevated internal temperatures where necessary. However, the practicalities of

this may be limited, in terms of potential damage to the dwelling due to

excessive heat inputs.

5.10 Coheating Test � Impact of Solar Radiation � April 2012

A final coheating test was completed following the installation of undercroft

insulation at the end of Phase 6 (SAP Case 11) of the staged improvements to

the E.On House, and the data is included in Appendix 5. At this time, the fabric

of the property was improved, but no specific airtightness work was undertaken.

An air pressure test result was not obtained at this time, so the previous result

of 4.54 m
3
/(h.m

2
) @ 50Pa has been utilised in the calculations. The design-stage

HLC was calculated to be 177.3 W/K. The results of the coheating test are

contained in Figure 5-11.

Uncorrected HLC: 204.1W/K

R² = 0.7911

Corrected HLC: 205.46 W/K

R² = 0.7945
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Figure 5-11 - Coheating Test Data - Impact of Solar Radiation

The uncorrected measured HLC was found to be 149.26 W/K, approximately 28

W/K (16%) lower than the SAP calculated estimate. However, once corrected

using local daily solar radiation data, the HLC increases to 174.11 W/K, and the

gap between the predicted and actual values is reduced to only 3 W/K, which is

within the +/- 8% error limit that may be attributable to the accuracy of the

monitoring and recording equipment. The r
2

value has reduced following solar

correction, due to the spread of the data being increased as a result of

temperature and solar radiation fluctuations.

The level of solar effects apparent is not unexpected, due to the test being

undertaken in springtime conditions. However, the data does illustrate that

correction for solar gains is an essential step in the coheating test calculation

and data analysis process. No adjustment would have led to the conclusion that

the house was significantly outperforming the design-stage predicted HLC value,

which could be misleading and lead to underestimation of energy and space

heating demands. The data also shows that, with careful application of the full

coheating test practical and analytical processes, it could be possible to obtain

reliable data across a wider timescale than solely in winter months.
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5.11 Air Tightness, Wind Speeds and HLC Values

Several of the coheating tests completed during the fabric assessment of the

E.On House coincided with the improvements work on-going as part of the

retro-fit project programme. This data is shown in Table 5-22.

Table 5-22 - E.On House HLC & Airtightness Values

Air Pressure Test

Result (

m3/(h.m2) @

50Pa)

Predicted

Background Only

HLC (SAP Embedded

Wind Speed Data)

Predicted

Background

Infiltration Only HLC

(Local Daily Wind

Speed Data)

Measured

Coheating Test

HLC (Solar

Corrected)

Phase 3 8.6 229.00 W/K 205.26 W/K 210.02 W/K

Phase 5 4.74 212.28 W/K 204.21 W/K 205.46 W/K

Phase 6 4.74 207.64 W/K 177.33 W/K 174.11 W/K

It is interesting to note that the magnitude in reduction of measured HLC value

does not appear to correlate directly with the airtightness improvements

implemented between Phases 3 and 5. The data derived directly from the SAP

methodology does show a noticeable reduction in HLC when assumed national

monthly average wind speed data is used in the calculation. When local wind

speed data is applied to the model, the pattern in reduction is similar to that

observed on-site, with a greater decrease in both predicted and measured HLC

apparent due to the fabric upgrades undertaken between Phases 5 and 6.

This highlights a potential flaw in the SAP baseline methodology, in that the use

of generic wind speed data could be significantly affecting the accuracy of the

design-stage calculations. For example, if the SAP HLC for Phase 3 is taken, it

provides an indicative HLC benchmark of 229 W/K. However, the values

observed on site were almost 20 W/K lower than this at 210.02 W/K. This

presents the unusual situation where the measured HLC is outperforming the

design-stage prediction. However, when the generic wind speed data is

replaced with values obtained from a local weather station based 150m from
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the test property, the measured HLC is now more comparable with the

predicted HLC of 205.26 W/K.

The same trend can be seen in the other two datasets presented in Table 6.21.

In essence, when local wind speed data is applied to the calculation of the

design-stage HLC, the generic SAP HLC is reduced by between 8 and 30 W/K. In

all cases, this divergence is significant enough to present the perhaps

misleading position that the house is performing more favourably in reality than

expected. When the data is realigned by use of the semi-empirical model, it

appears that the E.On House does perform in line with, but does not out-

perform, design-stage expectations.

5.12 Conclusions

In general, it can be seen that the E.On House does appear to be performing in

line with design stage calculated data. However, this observation can only be

made following extensive detailed analysis and assessment of the design-stage

information used to derive the predicted HLC values. If a concerted effort had

not been made to challenge the assumptions and inputs provided by the

original assessor, the situation where the dwelling was reflecting a significant

post-construction improvement in performance would have been apparent.

Indeed, a HLC in excess of 400 W/K, as originally indicated for the dwelling

following the Phase 1 improvements, now seems highly improbable in hindsight.

Utilising amended details of dwelling area, elemental areas, elemental u-values

and thermal bridges, produced a baseline HLC of 257.04 W/K for the Phase 1

case – a reduction of one third of the initial value. This was further reduced to

252.60 W/K when the background infiltration only case was calculated,

removing the effects of assumed natural ventilation strategy from the model.

The same methodology was applied to all of the fabric and airtightness cases

present throughout the retro-fit works programme. The results obtained

throughout the study are summarised in Figure 5-12.
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Figure 5-12- Summary of Experimental Data

To enable more direct comparison to be made between predicted and

measured HLC values, local wind speed data was integrated into the

background infiltration only SAP calculations for the corresponding coheating

test dates. This process showed that the use of generic wind speed data in the

SAP methodology could undermine the validity of the predicted HLC, as this is

based on a fixed average monthly dataset for the East Pennines. When the

embedded default data was replaced with empirical data from a local weather

station (150m from the test dwelling), the SAP generic HLC was reduced by

between 8 – 30 W/K. In some cases, this reduction was in the region of 15% of

the initial SAP data. This magnitude of variance resulted in the as-built E.On

House appearing to outperform the design-stage HLC predictions prior to

adjustment using a semi-empirical approach.

In addition, the data obtained during the series of coheating tests clearly

demonstrates the critical importance of applying solar correction to the raw

power input that is derived from the testing methodology. This is especially

relevant when conducting the process in autumn or spring conditions, where

solar radiance levels can be significant. In terms of the work relevant to this

ゲデ┌S┞が デｴW IﾗヴヴWIデｷﾗﾐ a;Iデﾗヴ ヴ;ﾐｪWS aヴﾗﾏ ヱ WっK ｷﾐ デｴW I;ゲW ﾗa デｴW WﾉW┗;デWS лT 
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test undertaken in February 2011, to 45 W/K at the time of the MVHR upgrade

works in late March 2011. This represents a 25% increase in HLC in the latter

example, which is not an insignificant amount.

In terms of the use of a standardised internal dwelling temperature of 25°C, the

evidence presented here would suggest that the main concern is actually to

ﾗHデ;ｷﾐ S;デ; aﾗヴ ; ヴ;ﾐｪW ﾗa лT ┗;ﾉ┌Wゲく Ia デｴW W┝デWヴﾐ;ﾉ デWﾏヮWヴ;デ┌ヴWゲ ﾗﾐ ;ﾉﾉ ﾗa デｴW 

days of the coheating test remain largely the same, or correspond with a time

┘ｴWﾐ デｴWヴW ;ヴW ｪWﾐWヴ;ﾉﾉ┞ ｴｷｪｴ ﾗヴ ﾉﾗ┘ лT ┗;ﾉ┌Wゲが デｴｷゲ ﾏ;┞ IﾗﾐデヴｷH┌デW デﾗ 

unreliability within the data.

Investigation into the performance of the MVHR system installed as a retro-fit

measure in the E.On House revealed that it was not performing to

manufacturer predicted efficiency levels and displayed imbalance in supply and

extract flow rates. A large divergence in coheating and SAP generated HLC

values was partially attributed to additional heat losses arising due to the house

being placed in a pressurised state, and also to the inefficiency of the system.

As part of a separate study into further fabric upgrades applied to the E.On

House beyond the scope of this research project, assessment of the cavity wall

performance was undertaken. This involved placing a series of 21 heat flux

sensors on the internal surface of the external walls in one room within the

property. A cumulative averaging method was then used to calculate u-value of

the wall, and it was found to be 1.01 W/m
2
K (Wood, C., 2013). This is twice the

magnitude of the calculated u-value of 0.55 W/m
2
K used within the SAP design-

stage model.

Further investigation is currently in progress to determine the validity of this

result, as at present the measured u-value is calculated from a localised area of

the external wall area. However, should the higher u-value of 1.01 W/m
2
K be

found to be correct, it could have great implications in terms of the predicted

HLC for the property. An increase in fabric heat losses would be observed in the

region of 30 W/K, which is not an insignificant amount. In relation to the E.On
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House, this amounts to an increase in space heating energy of approximately

1400 KWh/year (10%), amounting to a cost of £58.94 per year in the case of

Phase 6 (the highest performing condition of the E.On House).

When this margin of increase is extrapolated across the existing homes in the

UK, £1.6 billion seems to be a high price for the consumer to pay for sub-

standard installation of cavity wall insulation, using a unit base rate for mains

gas supply of £0.0421/kWh as obtained from the rates used in analysis

undertaken by the Energy Savings Trust (Energy Saving Trust (EST), 2014). In

addition, the repercussions for the energy demand projections used to measure

progress against Government energy efficiency targets would be far reaching,

as the resulting underestimation in required energy supply would undermine

the accuracy of current evaluations of future needs.

The extensive investigative work associated with the E.On House has enabled a

detailed understanding of the fabric performance of the property to be

obtained. It has also highlighted some of the key areas of error and uncertainty

in both the application of the SAP methodology and use of the coheating test in

order to determine an indication of the performance gap through use of the

HLC as a benchmark measure. Further evaluation of several of these factors will

be undertaken in Chapter 7.
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6 THE NEW-BUILD CONTEXT

As explained in Chapter 5, the Tarmac Masonry Research Houses project

comprises a pair of semi-detached traditional brick-built dwellings that meet

the minimum requirements of the Code for Sustainable Homes (CfSH) Level 4

and Level 6. The Tarmac Level 6 property (referred to herein as The Tarmac

House) is utilised in this work as an example of a new-build dwelling. This was

selected rather than the Level 4 property as it was uninhabited for several

months, allowing coheating tests and assessment of the MVHR system

operation to be undertaken. In addition, it provided an opportunity to evaluate

a high performance new build property as compared to the E.On House retrofit

project.

New build housing in the UK presents an opportunity to make progress towards

the UK Government targets to reduce energy demand and carbon emissions in

line with the EU 20-20-20 programme. Whilst only 1% of the total UK housing

stock comprises of such properties (Department of Energy and Climate Change

(DECC), 2009, p. 6), the potential to significantly lower household energy

consumption and minimise reliance on mains gas and electricity through

improved building fabric and the integration of clean and renewable

technologies cannot be ignored. As more dwellings are replaced due to

obsolescence, the overall quality of homes will gradually increase naturally due

to the improvements being made in newer properties.

Concerns have been raised regarding the desire of the UK population to

purchase new homes, due to the general design and layout of such dwellings. A

study by the Future Homes Commission (2012) observed that small room sizes,

lack of storage and poor natural daylighting levels, poor sound insulation and

overcrowded developments/lack of privacy were all cited as reasons why

people would prefer to purchase a slightly older property.

Evidence is required in order to persuade the house-buying public that, whilst

new-build homes may be more compact and have less innate character than

older properties, the energy saving potential of a newer property is
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considerable enough to make compromises in other areas of the dwelling

worthwhile. Understanding of the cost/benefit relationship relating to the

integration and operation of renewable energy systems is also limited, with the

default position being that individuals revert to ‘known’ fuel supplies such as

natural gas and electricity in the face of limited evidence of cost savings

(Balcombe et al., 2013).

The Tarmac House project aims to assess the true as-built performance of a

highly efficient property, in order to contribute to the evidence base, which may

demonstrate that new houses can perform, are a sound investment and are

able to provide a good living environment.

6.1 Scope and Methods of Investigation

As outlined previously in Chapter 4, the main techniques that will be utilised

throughout the evaluation work will be the interrogation of the design stage

SAP assessment, in conjunction with whole house coheating tests, heat flow

monitoring and MVHR system evaluation. The experimental work was largely

reliant upon the opportunity to access the Tarmac House at opportune times

when the residents were away from home. This meant that there was limited

opportunity to perform repeat tests or extensive investigations.

In terms of the coheating test, the standard protocol described in Section 4.5.1,

with regard to equipment and procedure, was followed. The location of the

position of each group of electric fan heaters, circulation fans, power meters,

thermostats and dataloggers is shown in Figure 6-1. The property was divided

into two zones (the upper and lower floors), with data collected from a

datalogger located centrally in each zone.

Several analyses were used to calculate the measured HLC, including linear

regression of the data prior to solar correction and linear regression of the data

using a solar adjustment derived from multiple regression. The theory behind

each method has been detailed in Section 4.5.2, with results presented in this

chapter as each test is considered.
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Air pressurisation testing, infra-red thermography and MVHR system evaluation

work is also used for evaluation purposes, following the approaches described

in Chapter 4. In addition, the thermal effectiveness of the party wall was

investigated to assess whether manufacturer predicted levels of performance

were being realised in practise.
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Figure 6-1 - Tarmac House - Position of Coheating Test Equipment
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6.2 The New-Build House

In terms of design, the philosophy applied to the Tarmac House was to

maximise the thermal potential of the building fabric in terms of thermal mass

and passive solar gains and to minimise heat losses from the building envelope.

Whilst achieving minimum energy requirements and enhanced carbon savings,

the design team also sought to use existing and available, rather than bespoke,

products and services in order to reduce costs and maximise the potential for

application of a repeatable design suitable for large scale mainstream housing

developments. Therefore, the primary aim of the Tarmac Masonry Homes

Research Houses project was to design and construct energy efficient

traditional masonry homes that are straightforward and cost effective to

construct and mass produce, whilst being visually appealing and affordable for

potential home owners to purchase, maintain and operate.

The CfSH Level 6 property has a floor area of 94m
2
, comprising a single large

reception room, kitchen and cloakroom/WC on the ground floor, and three

bedrooms and a bathroom on the upper floor. A full height sunspace area

provides additional space to the rear of the main living areas, as shown in

Figure 6-2 (the externally rendered property).

Figure 6-2 - The Tarmac Research Homes
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The design of the property incorporates high levels of insulation in the ground

floor/foundation, external wall, party wall and roof construction. The properties

of the main building envelope are detailed in Table 6-1.

Table 6-1 - Summary of Fabric and Ventilation Characteristics of the Tarmac House

(CfSH Level 6)

An MVHR system was installed in the property due to the high levels of

airtightness that were inherently achieved through careful design and product

specification. In addition to this, a number of renewable energy technologies

were used to further enhance the low energy and carbon load of the property.

The two semi-detached houses are heated by means of a shared Okofen

biomass wood pellet boiler, capable of generating up to 10 kW output. It uses

renewable carbon neutral pellets, and has individual controls incorporated to

allow each property to set a different heating regime.

Parameter Specification
U Value

(W/m2K)

External Walls
215mm DuroxSupabloc lighweight concrete blocks with 150mm

expanded polystyrene (EPS) external insulation and rendered finish
0.15

Party Wall
Two 100mm Tarmac Hermalite blockwork skins filled with 100mm

Isover RD glass mineral wall roll
n/a

Internal Walls Blockwork n/a

Internal Wall

Finish
13mm lightweight plaster n/a

Ground Floor

Tarmac Heatsave Plus System - pre-cast concrete beams with pre-

formed expanded polystyrene (EPS) infill panels and structural

concrete topping

0.14

Upper Floor Pre-stressed hollowcore planks with 65mm screed 0.15

Roof
Timber trussed asymmetric roof with traditional felt, battens and

concrete tiles
0.11

Windows/Doors
Softwood casement frames with argon filled double glazing and IG

composite doors
1.50

MVHR System Nuaire MRX Box 90l n/a
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Hot water is provided by two roof mounted flat plate solar thermal panels (total

area 3.05 m
2
). The hot water storage cylinder has 25 litres of dedicated hot

water storage per m
2

of solar panel. The panels are designed to provide up to

70% of occupant hot water demand, and the biomass boiler supplements any

additional hot water that may be required at peak times. In addition, a

photovoltaic array of 22m is installed on the south facing roof elevation. The

panels are mounted at 22°C to the horizon and have an output capability of

3.50kW peak of electricity. Within this property, the panels are designed to

generate sufficient energy to power the lights, pumps and domestic appliances.

Rainwater is harvested from the roof and collected in an underground storage

tank, which has a capacity of 1000 litres. This feeds all toilets, washing machines

and garden watering requirements, and helps to achieve the target internal

potable water usage of 80l/person/day.

It can be seen that, if all of the elements of the integrated building materials

and systems perform to their expected levels, the Tarmac House does have the

potential to provide a high quality living environment whilst proving cost

effective and efficient for the residents to manage. The remainder of this

chapter seeks to investigate whether the guiding principles of the design have

been realised in practise.

6.3 Design Stage Assessment

With respect to the Tarmac House, the assessment of the design stage model

was less complex than in the case of the E.On House, as it was a new-build

property and no further fabric alterations were made after construction. The

key stages undertaken during the research associated with this property are

outlined in Table 6-2.
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Table 6-2 � Tarmac House Key SAP Analyses

The information from the original SAP worksheet (Case 1), completed by an

independent assessor in October 2009 using NHER software based on SAP 2005

methodology, was transferred into the SAPPER 9 SAP 2009 platform with no

resulting impact upon the HLC calculation (Case 2). This value was 58.83 W/K,

built up as shown in Table 6-3, based on a ventilation scenario utilising the

installed Nuaire MVHR system details.

Table 6-3 - SAP 2005/2009 Tarmac House HLC Values (MVHR In Operation)

In terms of the remainder of the information, whilst it is not within the scope of

this research to analyse it in detail, it was interesting to observe that large

divergences could be seen between the SAP and EI Ratings and Primary Energy

values for the dwelling associated with the SAP 2005 and SAP 2009

methodologies. A brief assessment revealed that the reasons for this

Reference Name Description

Case 1 SAP 2005 Assessment (With MVHR)

Case 2 SAP 2009 Assessment based on Case 1 data input (With MVHR)

Case 3 SAP 2009 Assessment with as-built data (With MVHR)

Case 4 SAP 2009 Assessment with as-built data (Natural Ventilation)

Case 5 SAP 2009 Assessment - adjusted thermal bridge data (With MVHR)

Case 6 SAP 2009 Assessment - adjusted thermal bridge data (Natural Ventilation)

Case 7 SAP 2009 Assessment - Case 5 data adjusted for local wind speed (With MVHR)

Case 8
SAP 2009 Assessment - Case 6 data adjusted for local wind speed (Background

Infiltration)

Fabric Heat Loss

(W/K)

Thermal Bridges

(W/K)

Ventilation Heat

Loss (W/K)

Heat Loss

Coefficient

(HLC) (W/K)

Tarmac House -

SAP Data
42.85 3.53 12.45 58.83
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discrepancy were mainly related to changes regarding assumed occupancy and

internal temperatures in the newer SAP version, which impacted upon the

space heating requirement. Also, the costs and savings associated with

renewable energy systems had been updated in the underlying database in SAP

2009, and as the Tarmac House has several such systems integrated into the

design, this resulted in different treatment of the same data within the model.

This made it difficult and impractical to compare the two models in detail, due

to the baseline embedded data being considerably different.

6.4 Air Pressure Testing

In order to assess the airtightness of the dwelling, an air pressurisation test was

completed by a third party certified assessor utilising the blower door

methodology described in Section 2.3.1. An initial test was undertaken after

completion of the construction phase in March 2010, with a result of 1.71

m
3
/(h.m

2
) @ 50Pa. A second test was undertaken in May 2011 following the

research undertaken within this study, which produced a value of 1.45 m
3
/(h.m

2
)

@ 50Pa.

The results from the air pressure tests show that the Tarmac House is

performing well in terms of air permeability. As detailed in Section 2.3.1, Part L

of the current UK Building Regulations specifies a minimum level of 10 m
3
/(h.m

2
)

@ 50Pa, whilst best practice denotes an air permeability of 3 m
3
/(h.m

2
) @ 50Pa

(Energy Saving Trust (EST), 2005). As part of the design philosophy for the

property, an air permeability target was set of 2 m
3
/(h.m

2
) @ 50Pa. The results

from post-construction test confirm that this level has been met and exceeded.

It is interesting to note that the infiltration levels for the property have

decreased noticeably with time. This could be due to differences within the

testing equipment used on each occasion, as there was a long period between

the two test dates and different contractors were employed. Error within the

test equipment or procedure could affect the reliability and comparability of

the data, with a study of 500 homes showing variances of up to 28% observed

in measured results (Sherman, M. et al., 1986, p. 5). In addition, environmental
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conditions at the time when the test is conducted may be a contributing factor

to the results obtained. Persily (2013, p. 380) observed that high wind speeds

may increase the pressure test data by up to 15%, and that repeated tests on

the same property could show a divergence of up to 25% due to seasonal

effects.

Generally, it would be assumed that air-tightness of buildings would decrease

over time, due to settlement, the drying out process, and cracks and shrinkage

developing in building materials (Johnston et al., 2004). Indeed, studies have

shown increases in air permeability of between 25% and 80% one year from

completion (Miles Shenton et al., 2007, p. 31; Warren et al., 1980, p. 22). There

is, however, some counter-evidence to suggest that this is not always the case.

The natural accumulation of dust particles and other matter may have

contributed to the apparent improvement in building air-tightness observed in

the Tarmac House. Research undertaken by the NHBC (National House Building

Council (NHBC), 2011a) aimed to investigate the effect of the passage of time

on the airtightness of properties through the repeat testing of 25 homes after a

period of one to three years had elapsed. The data showed that almost three-

quarters of the properties did have higher pressure test results at the time of

the second test, but the remaining dwellings remained consistent or improved

on original air tightness levels. It is therefore possible for the situation apparent

in the case of the Tarmac House to occur.

6.5 Initial Coheating Test

In December 2010, a coheating test was undertaken in relation to the Tarmac

House, utilising the methodology outlined in Section 2.3.2 and Section 4.5, and

the data is included in Appendix 5. Solar data was obtained from a local

weather station situated 150m from the test dwelling, in order to correct the

raw power data for solar contribution using multiple regression analysis. Two

test conditions were imposed on the property, firstly with no additional

ventilation and then with the MVHR system in operation. Figure 6-3 shows the

HLC values derived from the original and solar adjusted data for the
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unventilated case, whilst Figure 6-4 relates to the test when MVHR was in

operation.

Figure 6-3 - Tarmac House December 2011 Coheating Test Data � No Ventilation

Figure 6-4 - Tarmac House December 2011 Coheating Test Data - MVHR in Operation
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The impact of solar gains is minimal in both of the tests, resulting in an

adjustment in the data of less than 0.5 W/K in the case of the test with no

ventilation and 2.33 W/K when the MVHR ventilated state is considered. This is

not surprising, as the experiment was conducted during a period of low solar

ヴ;Sｷ;デｷﾗﾐ S┌W デﾗ Iﾉﾗ┌S Iﾗ┗Wヴ ;ﾐS ゲﾐﾗ┘a;ﾉﾉく IﾐSWWSが デｴW ｴｷｪｴ лT ┗;ﾉ┌Wゲ ﾗHゲWヴ┗WS 

reflect the unusually low external temperatures experienced during the winter

of 2010, as internal temperatures were maintained at between 22°C and 23°C

for the duration of the test. The R
2

values are not particularly high for any of the

datasets, although correction for solar gains does improve the fit of the data

slightly. This could be partly due to error within the test, or potential impacts of

heat loss to the adjoining property arising from variances in internal

temperatures across the party wall.

An uplift of approximately 15 W/K is observed in the corrected HLC value when

the MVHR system is in operation. This matter will be considered more fully in

Section 6.7. However, it is concerning to note that the corrected measured HLC

of 110.68 W/K is almost twice that of the 58.82 W/K predicted value when the

MVHR system is in operation. This is the ventilation case relevant to the SAP

2005 data provided by the original assessor, so the two values should be

directly comparable.

6.6 Modified SAP 2009 Assessment

In order to try to understand possible reasons for the performance gap

observed, the design stage drawings and specifications, as well as post-

construction notes, were studied in relation to the Tarmac House. The work

revealed that there were some discrepancies between the original SAP 2005

assessment and the final design details relevant to the property. The amended

data was inputted into the SAPPER 9 software (Case 3), and a divergence of

approximately 13.21 W/K (18%) was apparent, as shown in Table 6-4. The

unadjusted model data relates to the original SAP 2005 assessment (Case 1&2),

while the adjusted model values refer to the SAP 2009 version (Case 3).
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Table 6-4 - Tarmac House SAP 2009 Original and Adjusted Data

A naturally ventilated condition was also modelled, in order to assess the

impact of this strategy on the property. It is observed that, due to the air tight

nature of the property, the HLC value increases significantly when natural

ventilation is included. This is of interest, as occupants may open windows even

when MVHR systems are installed, thus undermining the benefits of having

such a system.

An attempt was made to quantify the contribution of each aspect of divergence

between the original SAP 2005 model and the newly-created SAP 2009 version.

As in the case of the E.On House, each parameter was altered independently

using a one at a time approach, in order to estimate the W/K difference

attributable to each factor. Table 6-5 shows the information obtained during

this exercise.

The 9.97 W/K value derived from this process is 3.25 W/K lower than the

difference observed between the two models (13.22 W/K). This is possibly due

to the overall impact of the larger floor area measured, which is applied to

some of the calculations that are embedded in the methodology and so the

direct influence is difficult to isolate and quantify. The combined effect of

changes to element u-values and areas (excluding doors and windows) amounts

to less that 2 W/K of the total difference, suggesting that the information made

available to the original assessor was in line with that studied here. However,

the treatment of doors and windows has affected the model significantly, with

Unadjusted Model

(With MVHR in

Operation)

42.85 3.53 46.38 12.45 58.83

Adjusted Model

(With MVHR in

Operation)

53.14 3.65 56.79 15.25 72.04

Difference 10.29 0.119 10.41 2.80 13.21

Adjusted Model

(Natural

Ventilation)

53.14 3.65 56.79 35.99 92.78

Fabric Heat Losses

(W/K)

Ventilation

Heat Losses

(W/K)

Heat Loss

Coefficient

(W/K)

Thermal

Bridging

(W/K)

Total Fabric

Heat Losses

(W/K)
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over 80% of the discrepancy attributable to this aspect. This is mainly due to the

addition of a larger glazed door and a window to the rear of the property, which

appear to have been omitted in the earlier model.

Table 6-5 - Tarmac House - HLC W/K Variances for Key Input Data

Up until this point, there has been no change made to the level of thermal

bridging included in the original SAP 2005 worksheet (Case 1). However, the Y

value of below 0.02 used by the assessor does appear to be very low,

considering that default levels in SAP 2005 were set at higher levels than this.

They were specified as 0.04 for enhanced accredited construction details, 0.08

for accredited details, and 0.15 as the standard value for when no robust

information was available for use in the assessment (Energy Saving Experts,

2011). The exact process that the assessor used to derive the value of Y used in

the original SAP 2005 model is unknown. As calculated psi values were not

given to the assessor, it is probable that this value is an error.

Parameter
Tarmac House �

Unadjusted Model

Tarmac House -

Adjusted Model

HLC Contribution

(W/K)

Floor Area 87.88m2 91.36m2
Accounted for in

alterations

Air Permeability 1.8 1.71 -0.35

2.15m2 1.83m2

1.5W/m2K 1.5W/m2K

4.33m2

1.5W/m2K

13.54m2 15.16m2

1.5W/m2K 1.5W/m2K

43.94m2 45.68m2

0.15W/m2K 0.14W/m2K

49.82m2 48.19m2

0.12W/m2K 0.15W/m2K

23.27m2 25.32m2

0.15W/m2K 0.15W/m2K

43.94m2 45.68m2

0.10W/m2K 0.11W/m2K

Assessor Calculated Assessor Calculated

(y value 0.0196) (y value 0.0196)

Total +9.97

Roof Details

(area and u-value)
+0.67

Thermal Bridging +0.12

Door Details � Solid

(area and u-value)

Door Details � Glazed

(area and u-value)

Window Details

(area and u-value)

Floor Details

(area and u-value)

Wall 1 Details

(area and u-value)
+0.92

+0.35
Wall 2 Details (glazed)

(area and u-value)

+6.08

Included Included

+2.34

-0.16
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Investigation using infra-red thermography shows that there are some obvious

areas of heat transfer and thermal bridging. This is apparent in Figure 6-5,

where there are noticeable heat losses occurring at the floor slab/wall junction,

at window sills and surrounds, and at the junction between walls. In the image

on the right-hand-side, the service box is visible to the side of the doorway,

revealing that the integrity of the building airtightness perimeter boundary has

been compromised due to service penetrations.

Figure 6-5 - Thermal Images of Tarmac House

This evidence suggests that, in reality, the design stage predicted level of

thermal bridging is unlikely to have been achieved in practise. As such, analysis

was undertaken to determine the impact of higher levels of thermal bridging on

the final HLC value. The amended details outlined in Table 6-5 were used, with

the various thermal bridging Y default values that were applicable in SAP 2005

methodology applied to the data, as shown in Table 6-6 (Case 5 and 6).

It can be seen that the Y value used can have a significant impact on the data,

with thermal bridging calculations varying from 3.65 W/K to 27.93 W/K within a

Y value range of 0.0196 to 0.15. In terms of impact on the predicted HLC, within

the Y value range applied to the data the contribution to heat losses
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attributable to thermal bridging varies from 5% to 29%, which demonstrates the

sensitivity of the HLC to this parameter.

The SAP methodology would normally dictate that where exact details of

thermal bridges are unknown, the default value of 0.15 should be used.

However, it would seem reasonable to assume that the Tarmac House, given

that it has been constructed as an exemplar research house, would have been

constructed to meet at least accredited construction details, although the

thermal imaging survey undertaken has revealed some potential lack of

attention to detail during the construction process.

Table 6-6 - Assessment of Different Levels of Thermal Bridge Values

A Y value of 0.08 will therefore be used in relation to the thermal assessment of

the Tarmac House, in line with this standard. This would account for an

additional 14.90 W/K heat loss in the design-stage model, with the resultant

effect on the HLC values shown in Table 6-7 (Case 5).

MVHR Ventilation

Strategy

0.0196 (as SAP

Worksheet)
53.14 3.65 56.79 15.25 72.04

MVHR Ventilation

Strategy

0.04 (Enhanced

Accredited

Construction Details)

53.14 7.45 60.59 15.24 75.83

MVHR Ventilation

Strategy

0.08 (Accredited

Construction Details)
53.14 14.90 68.04 15.24 83.28

MVHR Ventilation

Strategy

0.15 (SAP Default

Value)
53.14 27.93 81.07 15.25 96.32

Natural Ventilation

Strategy

0.0196 (as SAP

Worksheet)
53.14 3.65 56.79 35.99 92.78

Natural Ventilation

Strategy

0.04 (Enhanced

Accredited

Construction Details)

53.14 7.45 60.59 35.98 96.57

Natural Ventilation

Strategy

0.08 (Accredited

Construction Details)
53.14 14.90 68.04 35.98 104.02

Natural Ventilation

Strategy

0.15 (SAP Default

Value)
53.14 27.93 81.07 35.99 117.06

Fabric Heat

Losses

(W/K)

Thermal

Bridging

(W/K)

Total Fabric

Heat Losses

(W/K)

Ventilation

Heat Losses

(W/K)

Heat Loss

Coefficient

(W/K)

Thermal Bridging Y

Value
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Table 6-7 - Tarmac House - Final SAP 2009 Data

Following the alignment of the data to reflect the actual construction details of

the Tarmac House, it was then necessary to prepare the design-stage modelled

data in order to enable direct comparison with the coheating test results. The

methodology employed in Section 5.6.2 was employed, to calculate background

infiltration only and MVHR ventilation scenario HLC values. Local wind speed

data was also inserted into the model to enable local effects to be taken into

account, rather than national average data. Table 6-8 shows the background

infiltration only values derived using this approach, for both the unventilated

and mechanically ventilated conditions (Case 7 and 8).

Table 6-8 - Tarmac House - Background Infiltration Only Design-Stage HLC Values

The two values are quite similar, with the MVHR system imposing an

approximately 9.8 W/K increase in HLC when in operation. The background only

infiltration HLC values included in Table 6-8 will be utilised as the design-stage

performance benchmark data in relation to the Tarmac House.

Unadjusted Model (With

MVHR in Operation)
42.85 3.53 46.38 12.45 58.83

Adjusted Model (With

MVHR in Operation)
53.14 14.90 68.04 15.24 83.28

Adjusted Model (Natural

Ventilation)
53.14 14.90 68.04 35.98 104.02

Fabric Heat Losses

(W/K)

Thermal Bridging

(W/K)

Total Fabric

Heat Losses

(W/K)

Ventilation

Heat Losses

(W/K)

Heat Loss

Coefficient

(W/K)

Fabric Heat

Losses (W/K)

Ventilation Heat

Losses (W/K)

Heat Loss Coefficient

(W/K)

Tarmac House - Background Only

Infiltration
68.04 2.04 70.08

Tarmac House - MVHR In Operation 68.04 11.32 79.36
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6.7 Re-evaluation of Coheating Test Data

A re-evaluation of the coheating data presented in Section 6.5 and included in

Appendix 5 was undertaken following the normalisation of the original design-

stage data, taking into account variances in the construction of the property.

The resulting comparisons are shown Table 6-9. Whilst previously a divergence

of up to 90% had been observed between the SAP 2009 model and the

coheating test results, this has been reduced by a considerable amount

following adjustment of the design stage original SAP 2005 model (Case 1) to

reflect final as-built details (Case 7 and 8).

Table 6-9 - Tarmac House - Comparison of Predicted and Measured HLC Values

It can be seen that, in both the background infiltration only and MVHR

ventilation scenarios, there is still a significant difference of 24 W/K and 31.32

W/K respectively between the SAP derived HLC and that measured in-situ. This

amounts to an underperformance in the region of 35-40%. Experimental error

could be contributing up to +/- 8% variance in each test, but this would only

account for a maximum divergence of approximately 9 W/K. Clearly, further

analysis is required in order to attempt to understand the reasons for this

discrepancy.

SAP Heat Loss

Coefficient (HLC)

W/K

Regression

Analysis Heat Loss

Coefficient (HLC)

W/K

Difference (W/K) Difference (%)

Tarmac House -

Background

Infiltration Only

70.08 94.16 24.08 34.36%

Tarmac House -

MVHR in Operation
79.36 110.68 31.32 39.47%

Difference (W/K) 9.28 16.52

Difference (%) 13.24% 17.54%
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When the design-stage and measured HLC values are considered, the modelled

case shows a 9.28 W/K uplift for MVHR operation, while the measured data

presents an increase of 16.52 W/K. This results in a 7.24 W/K difference in the

additional heat losses attributable to the operation of the MVHR system.

Evidently, the use of an MVHR system does increase energy demand above that

which is observed when no mechanical ventilation is in operation.

In order to determine whether the actual function of the MVHR system, rather

than the methodology used to derive the theoretical and post-construction HLC

data, was affecting the results, further analysis of the MVHR system was

undertaken. As in the case of the E.On House, system flow rates were measured

at each supply and extract duct using a Testo 417 vane anemometer, in order to

evaluate air throughout through the MVHR system.

The results from the experimental work are shown in Table 6-10, which show

that there is a slight imbalance between the supply and extract rates which

imposes a pressurised state on the property. This could result in the absolute

loss of warm air that cannot be heat recovered, whilst impacting on natural

infiltration levels in the property and air movement through the building fabric.

Table 6-10 - Tarmac House MVHR System Flow Rate Data

The manufacturer literature for the Nuaire MRX Box 90l MVHR system installed

in the Tarmac House states an optimum flow rate of 55.55 l/s (Nuaire, 2009),

which is very close to that seen in practise at the time of testing. The

comparison would suggest that the system is generating an air flow in the

region of that required for effective performance, although it is over twice the

magnitude of the 21 l/s minimum extract rate stipulated for a three bedroom

property in Part F of the Building Regulations.

Supply Flow

Rate (l/s)

Supply Flow

Rate (ACH)

Extract Flow

Rate (l/s)

Extract Flow

Rate (ACH)
Balance

Tarmac House -

MVHR System

Evaluation

57.27 0.95 53.36 0.89 +0.06ACH
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An additional energy requirement was calculated to account for the pressurised

operation of the system, as follows:

0.06 x 91.36 x 0.33 = 4.28 W/K

In this instance, 0.06 represents the additional ACH associated with the system

imbalance, whilst 91.36 m
3

relates to the dwelling volume and 0.33 is a factor

applied to account for the specific heat capacity and density of air. This resulted

in an increased theoretical heat loss amounting to 4.28 W/K.

Within the SAP 2009 methodology, an assumed ACH rate of 0.5 is used in the

assessment of MVHR function. In this case, the theoretical air throughput level

is not being achieved by the system at the time of the coheating test, and so an

adjustment is required in order to ensure that the comparison of HLC values is

being completed on equal terms. The measured supply and extract flow rates

are considerably higher than the SAP assumption, at 0.95 and 0.89 ACH

respectively (although these levels are in line with manufacturer

recommendations).

It is necessary to adjust the ventilation calculations to reflect the actual

ventilation levels over and above the default value of 0.5 ACH used previously.

The ventilation heat loss component of the HLC was re-evaluated using an ACH

of 0.95. This led to a visible increase in this parameter of 6.53 W/K that can be

attributed to the higher ACH measurements observed on site.

The total increase in theoretical heat loss, when the MVHR operation and

installation is considered, equate to approximately 10.81 W/K. However, this

value then requires a reduction to be considered to account for the impact that

the pressurised state may have on the effective background infiltration rate.

When this effect is considered (3.6 W/K), the actual increase in overall heat

losses amounts to 7.21 W/K. The difference between the predicted and

measured values is reduced to almost zero. Both cases now display an uplift of

approximately 9 W/K for the use of the MVHR system as compared against the

baseline background infiltration only case, as shown in Table 6-11.
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Table 6-11 - Tarmac House MVHR System Adjusted Data

Unfortunately, due to the positioning and wiring configuration of the MVHR

control box in the Tarmac House loftspace, it was not possible to connect

temperature probes within ductwork or a power meter to measure the energy

demand of the system. Therefore, post-commissioning efficiency calculations

could not be undertaken in relation to this property

However, it would appear that the efficiency of the system is close to the 90%

assumed within the SAP 2009 model. When measured additional heat losses

are accounted for in relation to system flow rates, the calculated and coheating

test data is in agreement with regard to ventilation effects (+9 W/K), leading to

the conclusion that efficiency levels are probably being met. However, in the

case of the coheating test, the 9 W/K could be attributed partly to experimental

error.

6.8 Possible Causes of Fabric Underperformance

The rationalisation of the predicted and measured HLC to account for

operational ventilation effects has demonstrated that the MVHR system is

functioning at a level that appears to correspond with that assumed in the SAP

2009 model. Also, confidence in the details relating to the building fabric that

have been inputted into the theoretical model is relatively high, as

comprehensive design stage information was obtained and scrutinised, and

SAP Heat Loss Coefficient

(HLC) (W/K)

Regression Analysis Heat Loss

Coefficient (HLC) (W/K)

Tarmac House - Background

Infiltration Only
70.08 94.16

Tarmac House - MVHR in Operation

(Assumed 90% Efficiency)
79.36 110.68

Difference (W/K) 9.28 16.52

Heat Loss Due to System

Imbalance (W/K)
n/a 7.21

Heat Loss Associated With MVHR

Condition (W/K)
9.28 9.31
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compensation has been included for potentially higher thermal bridging effects.

However, there is still a considerable difference in both data sets, even

following the adjustment of the original SAP assessment undertaken in Section

6.6. This information is summarised in Table 6-12.

Table 6-12 - Tarmac House HLC Data Summary

The coheating test value for the scenario where the MVHR strategy is included

can be reduced by 7.21 W/K, as this has been found to be attributable to

differences between the assumed and actual function of the system. A

coheating test value of 103.47 W/K was subsequently calculated, reducing the

divergence between the predicted and measured HLC when the MVHR is in

operation to 24.11 W/K – a similar magnitude of 35% above the SAP derived

┗;ﾉ┌Wく Lﾗ┘ W┝デWヴﾐ;ﾉ デWﾏヮWヴ;デ┌ヴWゲが ;aaWIデｷﾐｪ デｴW лTが ﾏ;┞ ;ﾉゲﾗ ;IIﾗ┌ﾐデ aﾗヴ ┌ヮ デﾗ 

10 W/K, although this may be accounted for within the range of experimental

error associated with the methodology.

The impact of the potential contributors to the divergence in theoretical and

physical performance of the Tarmac House are summarised in Table 6-13.

SAP Heat Loss

Coefficient (HLC)

W/K

Regression

Analysis Heat

Loss Coefficient

(HLC) W/K

Difference

(W/K)
Difference (%)

Tarmac House -

Background Infiltration

Only (Original Model)

n/a n/a n/a n/a

Tarmac House - MVHR

in Operation (Original

Model)

58.83 94.16 35.33 60.05%

Tarmac House -

Background Infiltration

Only (Adjusted Model)

70.08 94.16 24.08 34.36%

Tarmac House - MVHR

in Operation (Adjusted

Model)

79.36 110.68 31.32 39.47%
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Table 6-13 - Impact of Potential Contributing Factors on Design-Stage and Post-Construction

HLC Values

The performance gap has been reduced considerably from the original 50%

magnitude observed between the original assessment values and the measured

coheating test HLC data. In the case of the naturally ventilated condition, the

adjustment for background infiltration only effects considerably reduced the

calculated HLC, which would be expected due to assumptions regarding

occupant intervention and standardised ACH rates associated with the

calculation of natural ventilation heat losses. Normalisation of the data

eventually resulted in an underperformance being apparent, of approximately

14.5 W/K (20%). This was due to equal adjustment (-10 W/K) from the SAP and

coheating data contributions.

In terms of the case with MVHR in operation, the apparent performance gap

has been decreased from almost 50% to 17 % (14 W/K). The build-up of this

reduction is more complex, with an additional 20.5 W/K attributable to

modifications to the SAP model, and a reduction of 17.56 W/K applied to the

coheating data to account for compromised MVHR operation and

environmental conditions present during the testing period. It is interesting to

SAP Heat Loss

Coefficient (HLC)

W/K

Regression

Analysis Heat Loss

Coefficient (HLC)

W/K

SAP Heat Loss

Coefficient (HLC)

W/K

Regression

Analysis Heat

Loss Coefficient

(HLC) W/K

HLC Value From Original

Assessment/Coheating Test
80.97 94.16 58.83 110.68

Adjusted Value(Design-Stage

Information Review)
+11.81 n/a +13.21 n/a

Thermal Bridge Adjustment

(y = 0.08)
+11.24 n/a +11.24 n/a

Adjustment for Background Only

Infiltration & Local Wind Speed
-33.94 n/a -3.92 n/a

MVHR Flow Rate Adjustment n/a n/a n/a -7.21

∆T Adjustment n/a -9.42 n/a -10.35

Final HLC Value 70.08 84.74 79.36 93.12

No MVHR In Operation MVHR In Operation
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note that the divergence in absolute terms is almost identical for both the

background infiltration only and MVHR in operation cases. However, caution

ゲｴﾗ┌ﾉS HW ｪｷ┗Wﾐ デﾗ デｴW ヴWS┌Iデｷﾗﾐ ;デデヴｷH┌デWS デﾗ ﾉﾗ┘ лT ｷﾐaﾉ┌WﾐIWゲが ;ゲ ; SｷaaWヴWﾐIW 

in the HLC would not be expected to be observed as the heating demand should

be proportional to the temperature differential (and hence a linear relationship).

There may be other considerations relating to physical conditions that are

contributing to the lack of alignment in data, such as the presence of snowfall.

This leads to a conclusion that the source of the reduced post-construction

performance is most probably associated with the physical building fabric of the

property, as ventilation effects and many of the errors and assumptions related

to the modelled data have been removed or explained. Whilst it was not

possible, due to limitations of time and resources, to undertake rigorous

assessment of the dwelling, the opportunity was presented to evaluate the as-

built performance of the party wall between the two Tarmac Houses.

6.9 Assessment of Party Wall Performance

As shown in Section 3.1.2, a study by Leeds Metropolitan University (Lowe et al.,

2007; Wingfield, J. et al., 2010; Wingfield, J. et al., 2007; Wingfield, J. et al.,

2009) observed a large discrepancy between the predicted and measured HLC

data at Stamford Brook and in housing in Bradford (the Eurisol Project). Further

evaluation of the party wall heat flux and temperature profile as part of that

work revealed a thermal bypass mechanism that existed within the party wall

cavity.

In order to assess whether the party wall constructed between the two Tarmac

properties was functioning as intended, an investigation into the heat flow and

temperature profile within and across the dividing wall was undertaken. The

summary data from this assessment is included in Appendix 6. As Figure 6-6 and

Figure 6-7 illustrate, a series of nine heat flux sensors (Hukseflux HPF01 Heat

Flux Plates) were installed in a matrix on each side of the party wall.
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Figure 6-6 - Party Wall Evaluation - Location of Sensors

Figure 6-7 - Party Wall Evaluation - Schematic of Sensor Locations

In addition, thermocouples were used in order to measure temperature in the

party wall cavity in the heated space (under stairs) and loft area, accessed from

the Tarmac House Level 6 property and placed in the positions shown in Figure

6-8. The internal temperature of each property and the external temperature

were also recorded over the experimental time period.
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Figure 6-8 - Party Wall Evaluation - Position of Thermocouples

Figure 6-9 displays the temperature data recorded over a two week period. It

can be seen that the temperature in the cavity fluctuates in line with the

internal room temperature of the property. Conversely, the temperatures in the

loft space follow the general trend of the external temperature.

Figure 6-9 - Tarmac House - Internal, External and Within Wall Cavity Temperature Data
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This profile is as would be expected, as the air temperature in a well-insulated

loft space is influenced by external temperatures rather than the internal

temperature of the property, as heat gains from the living space would be

minimal. Wingfield (2007) studied the effect of an uninsulated cavity on

temperatures within the wall both above and below the ceiling level using

cavity socks to prevent air flow. When no barrier was present, they observed

that the cavity temperatures below ceiling level generally followed the external

temperature, and the loft cavity temperature fluctuated in line with external

temperatures (approximately 10-15°C above external temperatures).

When a barrier was placed in the cavity to prevent the potential thermal bypass,

the temperatures in the loft cavity continued to follow the external

temperature, but the difference between cavity and external temperatures was

significantly reduced. The profile of the cavity temperatures below the ceiling

level changed dramatically, with cavity temperatures now following the trend of

the internal temperatures of the dwelling rather than being responsive to

external temperatures. In this study, the party wall between the two Tarmac

Houses shows temperature profiles which reflect the ‘insulated’ condition in

the work by Leeds Metropolitan University, demonstrating that the cavity

insulation is performing satisfactorily.

Heat flux sensors installed on either side of the party wall were used to monitor

the heat transfer in and out of the cavity over a 3 month period. The results are

shown in Figure 6-10 and Figure 6-11.

The heat flux in each property follows the general trend of the internal air

temperature. The recorded values fluctuate between approximately -3.0 and

+4.0 W/m
2
, clustered around the zero point. Error associated with the

measurement and recording equipment used in the experiment could

potentially result in a deviation of +/- 1.5 – 2.0 W/m
2

in the data for each side of

the party wall, and so could be a cause of this variance. Wingfield (2009)

studied heat flux in a party wall cavity before and after filling with insulation,

and the results are reproduced in Figure 6-12.
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Figure 6-10 - Tarmac Level 6 House - Daily Mean Heat Flux and Internal Temperature Values

Figure 6-11 - Attached Level 4 House - Daily Mean Heat Flux and Internal Temperature Values
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Figure 6-12 - Heat Flux Data from a Comparable Study

Source Data: (Wingfield, J. et al., 2009)

It can be seen that the heat flux values were significantly higher before filling,

ranging between 30-40 W/m
2
. After effective filling of the cavity, the recorded

data falls to levels which compare favourably to that observed in this study. This

provides strong evidence that the cavity wall insulation in place in the party wall

between the two Tarmac Houses is functioning effectively.

Therefore, it has been concluded that there are potentially no apparent defects

within the party wall that could be contributing to the observed performance

gap apparent within the Tarmac House data. In the absence of any further

diagnostic testing of building elements, an evaluation was made as to the

potential impact that environmental effects may have had on the coheating test

data, to ascertain whether the high heating demands were related to the low

W┝デWヴﾐ;ﾉ デWﾏヮWヴ;デ┌ヴWゲ ;ﾐS IﾗﾐゲWケ┌Wﾐデｷ;ﾉ ｴｷｪｴ лT ┗;ﾉ┌Wゲ ﾗHゲWヴ┗WS S┌ヴｷﾐｪ デｴW 

testing period.

The Tarmac House coheating test was undertaken in December 2010, with

W┝デWヴﾐ;ﾉ デWﾏヮWヴ;デ┌ヴWゲ a;ﾉﾉｷﾐｪ ;ゲ ﾉﾗ┘ ;ゲ どヴくヵェC ;ﾐS лT ┗;ﾉ┌Wゲ ヴ;ﾐｪｷﾐｪ aヴﾗﾏ ヱヶくヶェC 

to 27°C during the testing timeframe. Analysis undertaken with regard to the

EくOﾐ Hﾗ┌ゲW ゲ┌ｪｪWゲデWS デｴ;デ ; ΑェC SｷaaWヴWﾐIW ｷﾐ лT Iﾗ┌ﾉS ｷﾏヮ;Iデ ┌ヮﾗﾐ デｴW 
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measured HLC by +/- 10%. If this does hold true, it is possible that external

conditions could be contributing to the higher coheating test data, and that the

Tarmac House HLC value could be increased by up to 10 W/K. If a reduction in

measured coheating test data is made, this would still result in an unexplained

observed performance gap between design and actual HLC data of

approximately 14 W/K in each test case.

6.10 Conclusions

It can be seen that the Tarmac House does perform to and exceed the design-

stage air tightness target of 2 m
3
/(h.m

2
) @ 50Pa, with the most recent

measured value of 1.45 m
3
/(h.m

2
) @ 50Pa being achieved in practise. However,

the whole house heat losses appear to exceed those predicted by the original

assessor using SAP methodology (Case 1), with almost twice the predicted HLC

being measured in practice.

Detailed analysis of the design stage data enabled the construction of an

adjusted SAPPER 2009 model (Case 3 and 4), using amended details where

appropriate. This increased the initial HLC, with MVHR in operation, from 58.83

W/K to 79.36 W/K, when changes were made to the dwelling characteristics,

and background only infiltration levels were adjusted to account for local wind

speed data (Case 7 and 8). In the case of a ventilation condition with

background infiltration only, a HLC value of 70.08 W/K was derived using the

same process. The impact of thermal bridging on the overall fabric performance

of the property was also assessed, with values being increased in the design

stage model to account for heat losses revealed by thermal imaging surveys.

This enabled comparison of the coheating test data obtained for the two

ventilated conditions. In each case, a large divergence was apparent between

the predicted and measured HLC data, with the coheating test result being 35-

40% greater than that obtained using SAP methodology as summarised in

Figure 6-13.
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Figure 6-13 - Summary of Experimental Data

Investigation into the function of the MVHR system showed that there was a

slight pressurisation effect due to an imbalance in supply and extract flow rates.

Consequently, the measured coheating test HLC value was adjusted by 7.21

W/K. The modelled and experimental data showed agreement in an uplift for

mechanical ventilation against background infiltration only state of

approximately 9 W/K.

Evaluation of the function of the party wall over a period of several months

showed that there was no unexpected heat loss occurring via this potential heat

loss pathway. No other diagnostic work was possible due to time and resource

limitations.

During the period of on-site testing, extremely low external temperatures were

W┝ヮWヴｷWﾐIWS ┘ｴｷIｴ ﾉWS デﾗ ｴｷｪｴ лT ┗;ﾉ┌Wゲ HWｷﾐｪ ﾗHゲWヴ┗WSく TｴW ┘ﾗヴﾆ ┌ﾐSWヴデ;ﾆWﾐ 

in respect of the E.On House showed that these conditions could lead to an

elevation in measured HLC of up to 10%. However, it is possible that this could

be within the scope of the error of the test methodology, and it is also

improbable that the temperature difference alone would cause a significant

change in HLC value.
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The work undertaken here demonstrates that thorough analysis of the data that

is provided by both design-stage models and post-construction testing is

essential in order to gain a true understanding of dwelling thermal performance.

In both the naturally ventilated/background infiltration and MVHR in operation

models, assumptions and errors within the calculated and measured HLC

datasets contributed almost equally to an augmented gap between theoretical

and as-built performance.

However, whilst it can be concluded that there is some level of

underperformance associated with the Tarmac House, it is not possible to

accurately estimate the magnitude of this without further investigative work

relating to the building fabric. In-situ evaluation building element u-values could

further inform the study, alongside more extensive coheating tests to confirm

the validity of the coheating test data. This was not possible during the course

of this work, as following the coheating test, the house was fully occupied for

the remainder of the research project period, meaning that a repeat test could

not be undertaken in order to verify the data obtained. Some of the

adjustments made in this study may still not be correct, and so the work here is

only indicative of what could be the true HLC values for the designed and

measured cases.

The investigation work relating to the Tarmac House has revealed areas of

possible error in both the SAP model and coheating testing methodology, which

will be further evaluated in Chapter 7.
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7 EVALUATION OF THE PERFORMANCE GAP

The evidence presented in Chapter 3 and observed in the example retrofit and

new-build properties (Chapters 5 and 6) provides a strong case for the existence

of a performance gap between the design stage and measured energy efficiency

data relating to UK homes. The final summarised adjustments made to the

Tarmac House analysis (Table 6-13) demonstrate that the potential sources of

error in the derivation of the SAP model and coheating test HLC values may, in

some cases, contribute significantly to the overall divergence observed.

Several key areas have been identified as recurring themes of consideration

within similar research projects that have been undertaken to evaluate housing

performance, as summarised in Figure 7-1.

Figure 7-1 - Key Themes for Consideration in Performance Gap Evaluation

Studies such as those undertaken by Leeds Metropolitan University at Stamford

Brook and Elm Tree Mews have attempted to account for and reduce the gap in

performance between design stage and measured data. In addition, several

sensitivity analysis exercises have been performed relating to BREDEM 8,

BREDEM 9 and SAP methodologies to identify significant parameters in terms of

outcomes of the model (Firth et al., 2010; Palmer et al., 2012; Quigley, 2010).
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However, there has been little or no work to date that quantifies what this

actually means in terms of impact on HLC values, and the relationship between

variance of the HLC and the energy demand and carbon emissions levels of

individual households. The calculated HLC may be useful in estimating the

consequences of either failing to meet or improving upon design stage

modelled dwellings.

In combination, as in the case of the Tarmac House, the underestimation of the

SAP 2009 HLC and the overestimation of the coheating test HLC could be

presenting a gap in performance that is not entirely representative of the true

situation of a given property. In addition, the measured HLC data derived from

the coheating test could be sensitive to environmental effects and experimental

error, which may lead to an increase or decrease in the W/K value obtained.

Therefore, further investigation regarding the sensitivity of the predicted and

measured HLC to the factors outlined in Figure 7-1 will be undertaken

throughout the remainder of this chapter.

7.1 SAP Methodology

In order to assess the impact of various input parameters on the output data

resulting from the SAP methodology, a detailed sensitivity analysis was

undertaken. At the time that this exercise was performed, SAPPER 8 (SAP 2005)

was the modelling software available to the author due to license restrictions.

The SAP assessment provided by the original assessor for the CfSH Level 4

Tarmac House was utilised in a one at a time differential sensitivity analysis, as

the impact of renewable energy technologies within the model were less

pronounced as compared to the CfSH Level 6 Tarmac House property.

The assessment was limited to variance of the input data contained in the first

sections of the SAP methodology, prior to the calculation of the HLC, as detailed

in Table 7-1. All of the building element u-values (fabric and glazing) were

altered in a single permutation during this preliminary review, in order to

ascertain the general effect of varying these parameters prior to more detailed

investigation in further analytical work.
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Table 7-1 - SAP 2005 Sensitivity Assessment - Input Data

Parameter Input Data

% Energy Saving Lightbulbs 1-100% in use

Orientation N/NE/E/SE/S/SW/W/NW

Q50 Design & As Built values

Ventilation Type
Natural with passive/intermittent vents 0

vent & positive input from loft

Ventilation Type
Natural with passive/intermittent vents 1

vent & positive input from loft

Ventilation Type
Natural with passive/intermittent vents 2

vent & positive input from loft

Ventilation Type
Natural with passive/intermittent vents 3

vent & positive input from loft

Ventilation Type
Natural with passive/intermittent vents 4

vent & positive input from loft

Ventilation Type
Positive input ventilation from outside

0/1/2/3 vent

Ventilation Type
Positive input ventilation from outside 4

vent

Ventilation Type
Whole house centralised mechanical

extract ventilation

Ventilation Type
Whole house decentralised mechanical

extract ventilation

Ventilation Type
Balanced whole house ventilation no heat

recovery

Ducting Type
Flexible ducting (in use factor 1.7)

uninsulated (in use factor 0.70)

Ducting Type
Rigid ducting (in use factor 1.4) insulated

(in use factor 0.85)

Ducting Type
Rigid ducting (in use factor 1.4)

uninsulated (in use factor 0.70)

Heat Recovery Efficiency of System 50-90%

Specific Fan Power W(litre/sec) = 0.5-2.5

U Values W/m2K = +1-50%

Thermal Bridges y = 0.04 - 2
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As expected when following the SAP calculation protocols and methodology,

there are certain parameters that do not affect the HLC value, such as % of

energy saving lightbulbs, dwelling orientation, and specific fan power of the

MVHR unit. However, the same factors do contribute to an overall change in

carbon emissions and primary energy, but this is largely due to adjustments in

the energy required for lighting and pumps/fans, rather than connections with

the HLC and the way it is used in calculations throughout the model.

Orientation does influence the adjustment for solar gains made within the

model, but this is applied after the HLC value has been derived and so is not

relevant to this analysis. Ducting type had some impact on the HLC value but, as

this variable is selected based on standardised data relating to the materials

used, it is considered that there is little subjectivity in the interpretation of the

correct information to input into the model.

Of the remaining parameters, the observed variances are shown in Table 7-2,

with the full worksheet included in Appendix 7.

Whilst the initial exercise was useful in gaining a deeper understanding of the

SAP methodology, it did not present any findings that were either unknown or

unexpected. In terms of the u-values and thermal bridges, their impact on the

HLC was due to increases in fabric heat losses with no difference observed in

ventilation heat loss data. The opposite situation is observed with respect to

parameters relating to the ventilation strategy, such as the q50 air pressure test

result, ventilation type and heat recovery efficiency. The q50 result used here

causes an improvement in performance, due to the value being reduced

(reflecting increased air tightness) within the variance of the input parameter.

Limited conclusions can be drawn from the data presented in Table 7-2, apart

from that in all cases excepting the q50 data, the HLC is increased when

dwelling performance is decreased. The magnitude of this increase is lesser

when the carbon emissions and primary energy values are considered, due to

other factors apart from the HLC value impacting upon these final outputs.
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Table 7-2 - SAP 2005 Sensitivity Assessment � Overview of Impacts

In order to evaluate the SAP methodology in greater detail, a second exercise

was undertaken utilising SAPPER 9 (RUSFA) software and the SAP 2009 model

platform. A generic model was developed using the E.On House construction

details as a basis, but adjusted to reflect a dwelling that would meet current

building regulations standards. The input data used within the model is

Parameter Variance Applied
Fabric Heat

Losses

Ventilation

Heat

Losses

Heat Loss

Coefficient
EI Rating

Total

Carbon

Emissions

SAP Rating
Primary

Energy

Q50 Test Result Design & As Built values No Change -16% -3% No Change -2% No Change -1%

Ventilation Type

Natural with passive/intermittent

vents 0 vent & positive input from

loft

No Change +25% +25% No Change +14% No Change +8%

Ventilation Type

Natural with passive/intermittent

vents 1 vent & positive input from

loft

No Change +28% +26% No Change +14% No Change +8%

Ventilation Type

Natural with passive/intermittent

vents 2 vent & positive input from

loft

No Change +32% +26% No Change +14% No Change +9%

Ventilation Type

Natural with passive/intermittent

vents 3 vent & positive input from

loft

No Change +37% +27% No Change +13% No Change +9%

Ventilation Type

Natural with passive/intermittent

vents 4 vent & positive input from

loft

No Change +43% +28% No Change +13% No Change +10%

Ventilation Type
Positive input ventilation from

outside 0/1/2/3 vent
No Change +31% +26% No Change +14% No Change +17%

Ventilation Type
Positive input ventilation from

outside 4 vent
No Change +50% +30% No Change +15% No Change +20%

Ventilation Type
Whole house centralised

mechanical extract ventilation
No Change +21% +27% No Change +7% No Change +17%

Ventilation Type
Whole house decentralised

mechanical extract ventilation
No Change +21% +27% No Change +14% No Change +17%

Ventilation Type
Balanced whole house ventilation

no heat recovery
No Change +31% +26% No Change +14% No Change +18%

Heat Recovery

Efficiency of

System

50-90% No Change
up to +

53%

up to

+11%
No Change up to + 3% No Change up to +6%

U Values W/m
2
K = +1-50%

up to +

42%
No Change

up to +34

%
No Change up to + 9% No Change

up to

+21%

Thermal Bridges y = 0.04 - 2
up to +

45%
No Change

up to

+36%
No Change up to + 9% No Change

up to

+23%
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summarised in Table 7-3. The minimum standards for building fabric

performance, in terms of u-values, were derived from Part L documentation

(Department for Communities and Local Government (DCLG), 2010b), whilst the

air permeability value of 7 m
3
/(h.m

2
) @ 50Pa was obtained from good practise

guidance developed by the Energy Saving Trust (2008a). The Energy Saving

Trust indicates that this air tightness value reflects standards generally being

achieved in current new-build properties that are built to meet minimum

compliance levels.

Table 7-3 - SAP 2009 Assessment - Model Dwelling Details

Building Element Input Data

Dwelling Floor Area 107.815m
2

Air Permeability 7 m
3
/(h.m

2
) @ 50Pa

Wall Area & U-Value 86.653m
2
0.21W/m

2
K

Floor Area & U-Value 55.116m
2
0.21W/m

2
K

Roof Area & U-Value 55.116m
2
0.16W/m

2
K

Window Area & U-Value 28.52m
2
1.6W/m

2
K

Door Area & U Value 28.52m
2
1.6W/m

2
K

Party Wall Area & U Value 32.096m
2
0W/m

2
K

Thermal Bridging Default y=0.15

MVHR System
Titon HRV2 Q Plus (Assumed default data of

90% efficient & 0.5 ACH)
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A SAP 2009 model was developed for the property with two different

ventilation strategies – with natural ventilation and with the MVHR in operation.

This enabled comparison of the impact of the various assumptions and

calculations contained within the background methodology for calculating heat

losses in each approach. In terms of baseline data, the following values (Table 7-

4) were generated for the two scenarios when the unaltered data detailed in

Table 7-3 was inputted into the model.

Table 7-4 - Baseline Data for SAP 2009 Model Dwelling

It can be seen that ventilation strategy has an interesting impact on the data.

Whilst the MVHR system reduces the HLC by approximately 9 W/K when the

MVHR system is in operation, the final carbon emissions and primary energy

outputs are increased by 97 kg/year and 588 kWh/year respectively. This is due

to the increased energy required to operate the system, which is calculated in

later stages of the SAP methodology. However, throughout the analytical work,

this difference will remain relatively constant. Therefore, any changes in HLC,

carbon emissions and primary energy will be due to the adjustments made to

the input data in addition to these values.

A number of variables were adjusted in each of the baseline models, in order to

investigate the impact that divergence from the dwelling design-stage data

might have on the HLC and the resulting carbon emissions and energy

requirements of the property. In addition, several of the assumptions contained

within the SAP methodology were investigated. Appendix 8 contains the full

output from this exercise, whilst the following sections provide a summary of

the key observations.

Total Fabric

Heat Loss

(W/K)

Ventilation

Heat Loss

(W/K)

Heat Loss

Coefficient

(W/K)

Space

Heating

Demand

SAP

Rating

SAP

Band

EI

rating

EI

Band

Carbon

Emissions

(kg/year)

Primary

Energy

(kWh/year)

Model Dwelling -

Natural Ventilation
121.98 48.59 170.57 5,604.87 80 C 81 B 2,133.43 11,132.21

Model Dwelling -

MVHR in Operation
121.98 39.49 161.47 5,236.78 79 C 80 C 2,230.31 11,720.09



222

7.1.1 Fabric Factors

Whilst in the initial analysis of the SAP 2005 model all of the fabric and glazing

u-values were adjusted in one simulation, in the SAP 2009 study each element

u-value was adjusted individually in order to obtain a more localised indication

of the impact of each separate component. In each case of the wall, floor, roof,

glazing and party wall elements, the u-value was varied from +1% to +50% and -

1% to -50% of the original data. This enabled assessment of both reduced and

enhanced fabric performance. Figure 7-2 shows the resultant data for the

MVHR in operation scenario. The impact of the changes on the calculated HLC

are virtually identical for both the natural ventilation and MVHR in operation

models, as the u-value variances only affect the magnitude of fabric heat losses

with no change to the ventilation component.

Figure 7-2 - MVHR In Operation Model - Impact of U-value Adjustments

It can be seen that, in all cases, the increase or decrease in u-value can be

observed as a linear function of the HLC value. Therefore, linear regression can

be used to approximate the absolute change in HLC value per 1% change in u-

value for each building element.
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The data contained in Table 7-5 shows that a considerable change to the

inputted u-value would be required in order to have a large impact upon the

predicted HLC when considering the opaque building elements. However, with

reference to windows and doors, due to the initial larger baseline u-value, the

impact of a change in specification or poor installation could be of greater

significance in terms of fabric performance. Indeed, a 50% underperformance in

this building component could cause a 23 W/K increase in HLC.

Table 7-5 - Relationship Between Element U-values and HLC

The treatment of party walls is also quite sensitive to changes in u-values above

the 0 W/K assumed by the SAP methodology, with a 50% increase (equivalent

to 0.5 W/m
2
K) resulting in a HLC increase of 16 W/K. This, again, re-emphasises

the importance of removing the cavity wall bypass mechanism and the

significance of the changes made to 2010 Part L of the Building Regulations in

terms of minimum party wall construction specifications. It is relatively unlikely

that slight increases in elemental u-values would cause great changes in the HLC,

but the compounded effect in several areas could contribute to an overall gap

in observed and expected performance.

When considering thermal bridging, for each 0.01 change in y value, the HLC

increases by approximately 2.3 W/K. This reflects the sensitivity of the HLC to

thermal bridging calculations, as it would take a 4% change in y value to

increase the HLC by 1 W/K, which, due to the low nature of the initial values

used, does not allow a large margin of error. This is of importance in the context

of accredited and enhanced accredited construction details, where the default

0.15 y value is decreased to 0.08 (-50%) and 0.04 (-76%) respectively. In the

Wall Floor Roof Party Wall Glazing

HLC W/K Change for 1% U-Value

Change
0.182 W/K 0.116 W/K 0.088 W/K 0.32 W/K 0.464 W/K

% Change in U-Value for 1 W/K

HLC Change
5.49% 11.36% 8.62% 3.10% 2.15%



224

Building Regulations compliant model employed here, the impact of improving

thermal bridging properties could reduce the HLC by 16 W/K or 25 W/K,

depending on the magnitude by which the y value is decreased. This is

comparable with the case of the Tarmac House, where the y value inputted had

a significant impact on the data, with thermal bridging calculations varying from

3.65 W/K to 27.93 W/K within a y value range of 0.0196 to 0.15.

Perhaps of equal importance is the impact that increasing y values can have on

the HLC. In the case where a y value of 0.5 is used in the calculation, the HLC is

increased by 80 W/K (65% above the original value). Whilst this does not

represent an entirely normal situation, as the default y value in SAP 2009 would

be 0.15, it does appear to have been used either intentionally or in error in the

case of the E.On House. It can therefore be seen that careful consideration of

thermal bridging levels within both the design and construction of a building is

extremely important in order to meet expected thermal performance levels.

7.1.2 Air Tightness Values

The baseline dwelling model included an inputted air pressurisation test result

of 7 m
3
/(h.m

2
) @ 50Pa, as this was considered to provide a fair representation

of the air tightness levels currently being achieved in mainstream new build

housing developments. In order to assess the effect of different air tightness

levels on the HLC value, a range of values were inputted into both the naturally

and mechanically ventilated scenarios. This exercise resulted in the data

presented in Figure 7-3.

As would generally be expected, at very low airtightness levels the MVHR

system enables the dwelling to achieve a saving in HLC when compared to a

natural ventilation strategy. This situation reverses as the property becomes

increasingly permeable, with MVHR becoming less advantageous at q50 results

above a value of between 7 and 8 m
3
/(h.m

2
) @ 50Pa.
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Figure 7-3 - Impact of Air Tightness on Calculated HLC Values

In terms of the quantifiable impact of airtightness on HLC data, an increase of

4.2 W/K and 2.2 W/K was evident in the mechanically and naturally ventilated

states for each increment of 1 m
3
/(h.m

2
) @ 50Pa. To obtain a 1 W/K change in

HLC, the air tightness would need to increase or decrease by 3.2% (MVHR) or

4.2% (natural ventilation). This shows that the mechanically ventilated scenario

is slightly more responsive to variances in measured airtightness.

7.1.3 Conversion of q50 Result to Ambient ACH

As previously explained in Section 3.1.1, an air pressure test result can be used

to calculate infiltration rates of a given property. The value from the test

certificate can be entered directly into the SAP model, which contains an

embedded equation in order to convert the infiltration at 50Pa to an

operational infiltration value. Sherman (1987), developed a rule-of thumb

equation in order to convert the q50 data into units of ACH relevant in ambient

environmental conditions, as shown previously in Section 3.1 (Equation 3.1).

The SAP methodology includes a default value of 20 for N, which is

automatically included in the calculation and cannot be changed. This is a

simplified method of the technique developed by Sherman, as it does not take
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into account environmental conditions or the individual characteristics and

location of the property under consideration. Durbal (1988) observed that the

correction factor, rather than being fixed at 20, may require variation to a value

of between 10 and 30, to account for differences in the characteristics of each

test. Therefore, it could be reasonable to suggest that the automatic division by

20 could be an influencing factor in the inaccuracy of performance stage data.

A range of division values of between 0 and 30 were applied to the baseline

model in order to convert the q50 data to ambient air changes. The assessment

of the influence of the application of different values within the calculation is

not straightforward, due to the relationship between the division factor used

and the resulting HLC not being simply linear in nature. This is apparent in the

data displayed in Figure 7-4.

Figure 7-4 - Impact of Divide by 20 Rule on HLC Values

More variation is evident in the case of the dataset when MVHR is in operation,

with a difference between minimum and maximum calculated HLC values of

97.35 W/K, as compared to 71.13 W/K in relation to the naturally ventilated

scenario. A 1% change in division factor afforded a change of between -10.69

W/K and -0.17 W/K for the naturally ventilated case, and -11.7 W/K and -0.66

W/K when MVHR was taken into account.
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In terms of evaluating the impact of different division factors further, both

ventilation strategies produce an increased HLC value when a low division

factor is used. When the q50 result is divided by 5, for example, this effectively

imposes a higher air permeability level on the dwelling calculated effective

infiltration rate. Dividing by a factor of 30 would result in the use of a lower air

tightness value, simulating a reduced q50 result. This relationship is shown in

Figure 7-5.

Figure 7-5 - q50 Values Associated with Division Factors

The baseline q50 value is 7 m
3
/(h.m

2
) @ 50Pa, which is observed when a

division value of 20 is utilised in the air permeability equation. In reality it is

unlikely that the airtightness of a dwelling would actually be compromised

sufficiently to result in a pressurisation test result of 28 m
3
/(h.m

2
) @ 50Pa,

which would be required to simulate effective background infiltration

conditions in the same property when a division factor of 5 is applied. When the

q50 value of 7 m
3
/(h.m

2
) @ 50Pa is divided by 10, this represents a q50 result of

14 m
3
/(h.m

2
) @ 50Pa. Even this level of divergence would not normally be

expected in the case of a newly constructed property.
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The impact of the division factor on equivalent q50 data reduces as it increases

towards the default level of 20 and beyond, and observed variance within the

HLC data derived for both ventilation strategies in the modelled house reduces.

At division factors ranging between 15 and 30, an average change in HLC of 8.12

W/K (no MVHR) and 7.68 W/K (with MVHR) would be associated with a 1%

change in division factor. To obtain an increase in HLC of 1 W/K, the division

factor would need to increase by 0.13% or 0.14% for the naturally and

mechanically ventilated conditions respectively.

7.1.4 Effective Air Change Rate Calculations

Within the SAP methodology, in order to calculate the effective air change rate

(EACR) for a property following the derivation of the adjusted infiltration rate, a

series of embedded equations are utilised depending on the ventilation strategy

employed. In the case of both natural and mechanical ventilation, an air

throughput or air change rate of 0.5 ACH is included in the formulae, as shown

in Equations 7.1 and 7.2 (Department of Energy and Climate Change (DECC),

2011d, p. 153):

EACR = 0.5 + (Adjusted Infiltration Rate
2
x 0.5) Equation 7-1 - Natural

Ventilation (Department of

Energy and Climate Change

(DECC), 2011d, p.153)

EACR = Adjusted Infiltration Rate + 0.5 x

(1 - System Efficiency in Use/100)

It can be seen that this assumption could be significant within the calculation of

dwelling ventilation heat losses. In the case of the MVHR systems installed in

each of the retrofit and new-build example houses, the air throughput through

the system was measured to deviate from the assumed 0.5 ACH. This is

Equation 7-2 � Mechanical

Ventilation (Department of Energy

and Climate Change (DECC), 2011d,

p. 153)
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especially true of the Nuaire unit within the Tarmac House property, which had

a measured supply and extract flow rate of 0.95 and 0.89 ACH respectively. Also,

in naturally ventilated homes, ventilation rates are largely uncontrolled and are

dependent upon user intervention. Therefore, it could be that the value of 0.5

ACH may be exceeded or in some cases not maintained.

The manipulation of the SAPPER 9 software in order to implement changes to

the use of default 0.5 ACH values in embedded algorithms proved to be quite

difficult. In order to achieve data that would be the equivalent of making

changes to this factor, the air pressurisation test results that would produce an

equivalent variance to the EACR value were calculated. This was achieved

through use of the excel worksheet included in Appendix 3, amended to reflect

the physical characteristics of the baseline Building Regulations compliant

house. Through this process, it was possible to derive SAP 2009 data that

reflected the impact of changes to the assumed 0.5 ACH value in both

ventilation states, as detailed in Table 7-6.

Table 7-6 � Impact of Assumed 0.5 ACH on HLC Data

It can be seen that the values associated with each ventilation case are quite

similar, although, due to the additional impact of the 0.5 ACH within the natural

ventilation equation, this scenario is more sensitive to changes made to the

input data. In absolute terms, a 0.1 ACH increase in value resulted in an

approximately 2 W/K or 10 W/K increase in the HLC associated with the MVHR

and naturally ventilated states. This demonstrates that there is perhaps some

need to include the ability to specify different EACR values within the SAP input

Natural Ventilation MVHR Ventilation

HLC W/K Change for 1%

Change in ACH (0.05ACH)
0.369 W/K 0.293 W/K

% Change ACH for 1 W/K

HLC Change
2.71% 3.41%
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ranges, as in some cases a dwelling may be penalised with regard to this design

parameter. It also emphasises the requirement to use the correct design-stage

data when comparing HLC values to those derived from the coheating test, as

the use of natural ventilation modelled data could lead to a misinterpretation of

performance.

7.1.5 MVHR Efficiency

Within the SAPPER 9 software, the details relating to the function of an MVHR

system are drawn from an integrated database containing specifications

provided by the relevant manufacturer. By virtue of the nature of this

information, the SAP methodology then uses optimum performance details as

the basis for further ventilation heat loss calculations. In the context of the

systems used in both of the retrofit and new-build example properties and the

model developed for sensitivity analysis, an assumed system efficiency of 90%

was utilised in the original workbook.

The impact of this assumption was assessed through manual input of a range of

efficiency values in the region of 50-90%. For every 10% decrease in efficiency

levels, an increase in HLC value of 3.71 W/K was observed, as shown in Figure

7-6.

Figure 7-6 - HLC Response to % MVHR Efficiency Levels
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This is comparable to the data presented in Chapter 5 in relation to the Titon

system installed in the E.On House, where HLC increases of 3.2 W/K and 3.4

W/K were calculated for the system working at 9-14% reduced efficiency. In

terms of normalised effect on the HLC value, with regard to the sensitivity

assessment modelled dwelling, a 2.7% change in efficiency level would be

required to alter the HLC by 1 W/K. This demonstrates the sensitivity of this

parameter, and therefore clearly relates the importance of correct design,

installation and commissioning of MVHR system units, ductwork and outlets.

7.1.6 Wind Speed

The SAP methodology assumes a simple linear relationship between wind speed

and infiltration values, with higher wind speeds leading to increased HLC data.

Within the SAPPER 9 software, the wind speed data is automatically inserted

and cannot be adjusted. During the assessment of the coheating data, local

wind speed data, measured at the time of the experiment, was inserted into a

bespoke spreadsheet in order to calculate semi-empirical effective infiltration

rates. In all cases, the local wind speeds were lower than those embedded in

the SAP model. This effectively meant that the theoretical air movement

through the building fabric calculated using the SAPPER 9 software was, in some

cases, significantly higher than that actually occurring in the as-built dwelling.

In terms of the coheating test, analysis of the data suggests that the impact of

wind speed on the in-situ HLC is not as straightforward as assumed in SAP 2009.

The model uses a generic weather data set, which utilises monthly average

value for a location in the East Pennines. As such, it is not representative of the

local conditions present during a short term coheating test.

Figure 7-7 and 7-8 show two examples of the relationship between wind speed

and HLC for data relating to the E.On House with a background infiltration only

ventilated condition. In the case of both tests, the SAP calculated HLC increases

steadily as wind speed increases.
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Figure 7-7 - Impact of Wind Speed on HLC Data � E.On House Coheating Test November 2010

Figure 7-8 - Impact of Wind Speed on HLC Data - E.On House Coheating Test April 2012
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The relevant average wind speeds dictated by the SAP 2009 integrated dataset

are 5.1 m/s for November and 4.5 m/s for April. The wind speeds observed

during the November 2010 test ranged between 0.5 and 3.0 m/s. Those

recorded throughout the April 2012 experimental period reached the SAP 2009

assumed levels on one day, but were lower for the remainder of the duration of

the test.

In terms of impact on the theoretical HLC data, the November HLC (background

infiltration only) using the SAP 2009 assumed wind speed of 5.1 m/s would be

235.11 W/K, but this ranges between 197.97 W/K and 217.17 W/K when the

generic wind speed value is substituted with specific site-based data. In the case

of the April coheating test, the SAP model provided a background infiltration

only default wind speed HLC value of 188.48 W/K, whilst the semi-empirical

predicted HLC data ranged between 171.38 W/K and 188.46 W/K.

In both of the examples shown in Figure 7-7 and 7-8, at higher wind speeds the

SAP methodology appears to underestimate the HLC when compared to the

measured post-construction data. Chai-Yu (1981) observed that wind effects

provide the predominantly influencing factor on fabric infiltration rates at wind

ゲヮWWSゲ ﾗa ｪヴW;デWヴ デｴ;ﾐ ンくヵﾏっゲ ;ﾐS лT ┗;ﾉ┌Wゲ ﾗa ﾉWゲゲ デｴ;ﾐ ヲヰKく Iﾐ IﾗﾐSｷデｷﾗﾐゲ 

outside of this range, the internal and external temperature difference is the

predominant factor affecting fabric infiltration levels.

At the time of the November experiment, wind speeds were 3 m/s or below and

лT ┗;ﾉ┌Wゲ ┘WヴW IﾗﾐゲｷゲデWﾐデﾉ┞ ｷﾐ W┝IWゲゲ ﾗa ヲヰKく TｴW IﾗｴW;デｷﾐｪ デWゲデ HLC ┗;ﾉ┌Wゲ ;ヴW 

generally uniform in these conditions. The April 2012 test results show greater

sensitivity to wind speed than those associated with the November 2010 data.

TｴヴWW ﾗa デｴW ┘ｷﾐS ゲヮWWS ┗;ﾉ┌Wゲ W┝IWWS ンくヵ ﾏっゲが ;ﾐS デｴW лT ﾗﾐ デｴWゲW S;┞ゲ ┘;ゲ 

approximately equal to or greater than 20K.

The conditions relevant at the time of data points 1-5 in the April test

IﾗﾏヮヴｷゲWS ﾗa ﾉﾗ┘Wヴ ┘ｷﾐS ゲヮWWSゲ ;ﾐS лT ┗;ﾉ┌Wゲ ヴ;ﾐｪｷﾐｪ HWデ┘WWﾐ ヱヵくヵK ;ﾐS ヱΓKく 

The impact on the coheating test HLC is quite pronounced, with an average of
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ヱΓヲ WっK ;ﾐS ヱヵΒ WっK aﾗヴ ｴｷｪｴ ┘ｷﾐS ゲヮWWSっﾉﾗ┘ лT ;ﾐS ﾉﾗ┘ ┘ｷﾐS ゲヮWWSっｴｷｪｴ лT 

respectively. Whilst the divergence in values observed in different wind

conditions is significant, the complexity of the interrelated impact of

environmental elements on the results derived from the coheating test

methodology means that it cannot be solely attributed to the impact of wind

speed. The higher external temperature present during the days of greater wind

speed would also impact upon the HLC data.

However, the results do concur with the recommendations made by the NHBC

(National House Building Council (NHBC) Foundation, 2013) which suggest that

where possible, coheating tests should be undertaken in conditions with low

wind speeds in order to minimise the effect of this parameter on the data

obtained. The April 2012 SAP 2009 HLC was calculated to be 177.3 W/K, with

the solar corrected value derived using multiple regression analysis being

174.11 W/K. This shows that regulation of the data over several days can occur

if a variety of environmental conditions are experienced during the

experimental period.

It can be seen that environmental factors can have a pronounced effect on the

predicted and measured HLC data. The relationship between temperature, wind

speed and solar radiation is quite complex and the parameters are interrelated.

This makes it difficult to isolate the absolute effect of each individual factor.

However, it is perhaps a missed opportunity that the 2014 update to the SAP

methodology will not incorporate the functionality for assessors to at least

select regional rather than generic national climate data (including wind speed)

as part of the scheduled improvements. This amendment could possibly have

aided in the production of more location-specific design-stage energy

assessments.

7.1.7 Summary

Throughout the sensitivity analysis of each of the considered parameters, a

normalised value in terms of % change in factor to achieve a 1 W/K change in

HLC has been used to evaluate the impact of each element on thermal
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performance. This can be applied to the data in order to derive the change in

carbon emissions, SAP Rating, Environmental Impact Rating and Space Heating

Required Supply attributable to a 1 W/K change in HLC, as summarised in Figure

7-9.

Figure 7-9 - Summary of Sensitivity Analysis Data

In terms of the way in which the values have been obtained, the following

assumptions have been made:

 In the case of the change in HLC, a higher percentage value indicates

lower levels of sensitivity to divergence from the original parameter

value;

 Space heating fuel supplied has been used as a benchmark to estimate

increases in dwelling requirements. This accounts for the space heating

demand of a dwelling inclusive of inefficiencies in the space heating

system (such as boiler performance); and
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 The estimated cost of changes to the HLC is calculated based upon a unit

base rate for mains gas supply of £0.0421/kWh as obtained from the

rates used in analysis undertaken by the Energy Savings Trust (Energy

Saving Trust (EST), 2014). Gas has been selected as this is the most

common fuel for space heating in the UK, with over 90% of central

heating system being supplied by natural gas (Building Research

Establishment (BRE), 2005).

Table 7-7 summarises the data obtained from the evaluation of the data.

Table 7-7 � Quantification of Impact of Parameter Sensitivity

It can be seen that elemental u-values display different degrees of sensitivity

when considering HLC values. Floor u-value is the least responsive to under or

over performance, whilst windows and doors (glazing) are most reactive. All

building fabric u-values display a similar change in carbon emissions, space

heating fuel supply and cost to the householder per 1 W/K variance, with values

being approximately 11 kg/year, 57 kWh/year and £2.42/year respectively.

Natural

Ventilation

MVHR

Ventilation

Natural

Ventilation

MVHR

Ventilation

Natural

Ventilation

MVHR

Ventilation

Natural

Ventilation

MVHR

Ventilation

Wall U Value 5.49% 5.49% 11.29 11.29 57.01 57.43 £2.42 £2.41

Floor U Value 11.36% 11.36% 11.34 11.34 56.98 57.53 £2.42 £2.42

Roof U Value 8.62% 8.62% 11.28 11.28 57.06 57.30 £2.42 £2.41

Party Wall U Value 3.10% 3.10% 11.17 11.17 56.97 57.29 £2.42 £2.41

Glazing U Value 2.15% 2.15% 11.24 11.24 56.92 57.29 £2.42 £2.41

Thermal Bridging 2.94% 2.94% 11.35 11.35 58.14 57.51 £2.44 £2.42

Air Tightness 9.90% 3.41% 12.09 11.25 61.45 62.14 £2.84 £2.61

Rule of Thumb

(/20)
0.13% 0.14% 12.51 13.83 37.19 36.42 £1.56 £1.53

Effective Air

Change Rate
2.71% 9.62% 23.85 12.37 121.42 62.93 £5.10 £2.64

MVHR Efficiency n/a 2.70% n/a 11.25 n/a 50.63 £0.00 £2.13

% Parameter Change

Required for 1 W/K HLC

Change

Change in Carbon

Emissions for 1 W/K HLC

Change (kg/year)

Change in Space Heating

Supplied Energy for 1 W/K

HLC Change (kWh/year)

Cost of 1 W/K HLC Change

(£/year)
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The impact of poor consideration of thermal bridges within a construction could

be very significant, as only a 2.94% change to the default y value of 0.15 (a

variance of 0.0045) is required to effect a 1 W/K HLC increase. The evidence

presented in this project and other studies would suggest that such a

magnitude of deviation from design stage predictions would not necessarily be

unusual in as-built dwellings. The implications of a 1 W/K increase/decrease

associated with thermal bridging is not insignificant, representing mean change

of 11.35 kg/year in carbon emissions, 57.83 kWh/year in space heating fuel

supply and £2.43/year in cost.

In terms of airtightness, changes to the predicted air pressurisation test value

produces a different response in the HLC value depending on the ventilation

strategy employed in the property. The naturally ventilated model dwelling

required a 9.90% change in q50 data to effect a 1 W/K change in HLC value,

whilst when the MVHR system was incorporated it increased the sensitivity of

this parameter as the % change required to cause a 1W/K difference reduced to

3.41%. However, when carried forward into the variances observed in carbon

emissions and space heating levels, both ventilation cases showed a similar

level of impact upon absolute values. A change of 1 W/K in the HLC value

resulted in an 11-12 kg/year increase in carbon emissions and an additional 61-

62 kWh in gas used for space heating. The subsequent impact in cost is

£2.61/year.

Two of the main assumptions relating to calculation of infiltration and

ventilation rates were considered within the scope of the sensitivity analysis –

namely the embedded equation to convert the q50 test result to ambient air

changes, and the default effective air change rate of 0.5 ACH. In the case of the

conversion of the pressurisation test data, the two different ventilation types

displayed a similar high level of sensitivity to adjustments made in this

parameter, with only a 0.13 or 0.14% change in the division factor being

required to cause a 1 W/K change in HLC. A 1 W/K HLC variation was estimated
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to result in an average 13.17 kg/year, 36.81 kWh/year and £2.73/year change in

carbon emissions, space heating fuel and gas cost.

With regard to the assumed effective air change rate, the naturally ventilated

modelled house displayed higher levels of sensitivity to adjustments to the 0.5

ACH value than those observed in relation to the data with an MVHR system

included. Indeed, the increase in carbon emissions, space heating fuel

requirement and gas cost are approximately half in the MVHR case as

compared with the naturally ventilated state. This is as a direct result of the

differences in calculation techniques used to quantify the effective infiltration

rate for each ventilation strategy.

The level of MVHR efficiency achieved by an installed system is relatively

sensitive to change, requiring only a small deviation from the assumed 90%

efficiency used as default within the SAP model to cause a shift of 1 W/K. The

impact on calculated space heating requirements and cost is relatively low, with

values of 11.25 kg/year, 50.63 kWh/year and £2.13/year. When this is

considered in relation to the MVHR system installed in the E.On House dwelling,

the lowest efficiency level recorded was 76% - an underperformance of 14%. If

a change in MVHR system % efficiency of 2.70% is required to cause a 1 W/K

change in HLC, then the HLC value could be increased by 5.2 W/K. This may

potentially result in an increase in household heating costs of £11 per year.

It can be seen that, within the context of the SAP 2009 methodology, a

deviation from the data inserted into the model can lead to a certain level of

variation in final outcome values from the model. Many of the parameters that

have been evaluated show a similar level of impact on carbon emissions, space

heating fuel requirements and cost. Notable exceptions mainly relate to the

factors associated with ventilation calculations, such as the calculation of

ambient air changes, and effective air change rates.

The range of values indicating the sensitivity of the predicted HLC to changes in

input data is quite diverse, ranging from 0.13% to 11.36% change in a
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parameter required to affect a 1 W/K increase or decrease in HLC. This

demonstrates the importance that should be placed upon reconsideration of

the original baseline model as the design and construction of a building evolves,

in order to ensure that the specification and characteristics of the design-stage

model align with those associated with the final as-built property.

7.2 Coheating Test Methodology

The data gathered as a result of the coheating tests undertaken in relation to

the example retrofit and new-build houses demonstrates that environmental

factors may impact upon the HLC value derived from using this technique. In

particular, the necessity to correct data in order to account for solar gains was

apparent, especially in tests that were undertaken in the early spring or autumn

months. In the case of the E.On House, the coheating tests associated with the

upgrade works to the MVHR system took place in March 2011, when solar

radiation levels were high, and the adjustment for solar impact increased the

HLC by 45 W/K (25%). This is not an insignificant amount, particularly when the

value is being used to assess performance against information derived from the

SAP methodology.

In addition, the effect of the relationship between internal and external

temperatures was also investigated during the coheating work connected to the

E.On House. A difference of +/- 10% (22 W/K) was observed when internal

デWﾏヮWヴ;デ┌ヴWゲ ┘WヴW ┗;ヴｷWS デﾗ ;IｴｷW┗W ; SｷaaWヴWﾐIW ｷﾐ ﾏW;ﾐ лT ﾗa ΑェCく Tｴｷゲ 

divergence is measured against the HLC calculated by combining the two

S;デ;ゲWデゲ デﾗ ヮヴﾗS┌IW ; HLC H;ゲWS ﾗﾐ ; a┌ﾉﾉ ヴ;ﾐｪW ﾗa лT ┗;ﾉ┌Wゲく Iデ ヴ;ｷゲWゲ デｴW 

ケ┌Wゲデｷﾗﾐ ﾗa ｴﾗ┘ ゲWﾐゲｷデｷ┗W デｴW ﾏWデｴﾗSﾗﾉﾗｪ┞ ｷゲ デﾗ ┗;ヴｷ;ﾐIW ｷﾐ лTが ;ゲ デｴWﾗヴWデｷI;ﾉﾉ┞が 

should external temperatures remain very stable and internal temperatures are

constant, the environmental conditions at the time of the test could enhance or

reduce the final coheating test data. The effects of wind speed and rainfall at

the time when a coheating test is conducted may also influence the calculated

HLC value.
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In order to gain a more full understanding of the impact of environmental

factors on the results gained from post-construction evaluation, a thermal

chamber was used to undertake a series of coheating tests in controlled

conditions. This work is detailed in the following sections.

7.2.1 The Thermal Chamber

The research exercise utilised an environmental chamber that is located in the

workshops area of the Department of Architecture and Built Environment. The

unit consists of an inner chamber situated within an external box, which forms

two zones. The temperature of each zone can be controlled independently,

through use of a chiller/air conditioning system and heaters, with temperatures

managed via thermostatic controls (differential cut-in of +/- 1°C). Figure 7-10

contains a series of images which show the features and experimental set-up of

the chamber.

The outer chamber is constructed of fully insulated composite rigid panels and

has an average predicted u-value of 0.6 W/m
2
K, with internal dimensions of

3.6m x 2.4m x 2.8m. This gives an internal floor area of 8.64m
2

and an internal

volume of 24.19m
3
.

The specifications of the inner chamber suggest that it is constructed of a highly

insulative PIR material, which achieves a manufacturer stated U value of 0.44

W/m
2
K. The internal dimensions are 1.93m x 1.20m x 2.26m, and the internal

floor area is 2.32m
2

with an internal volume of 5.23m
3
. The surface area of the

outer chamber is 33.6m
2
, and that of the inner room is 14.15m

2
.
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Figure 7-10 - External and Internal Images of Thermal Chamber

An understanding of the design and operation of different types of hot box

chambers was gained through study of British Standards relating to guarded

and calibrated hot boxes (British Standards Institution (BSI), 1987, 1996, 1999).

Whilst the environmental chamber under consideration does not comply with

conventional hot box design standards, as it consists of a full size inner and

outer chamber, the information contained in the documents provided useful

guidance as to the minimum sample size that would be expected to produce

reliable data, and how to reduce the impact of heat losses from the perimeter

of the wall sample insert. The key recommendations noted were:

 The linear dimensions of the test area shall be at least 1m and not less

than 5 times the maximum thickness of any test element;
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 All seals between different components of the hot box assembly should

be airtight;

 Any support frame should not be narrower than the thickest element to

be tested, and should be insulated at the edges;

 Minimum size of the sample/metered area is 1m x 1m or 3 times the

sample thickness, whichever is the greater, to allow for the effect of

flanking losses at the edges;

 There should be a minimum of 9 thermocouples on each face, or 1 per

0.5 m
2

surface area;

 A calibration test using a sample of known thermal properties should be

undertaken to assess heat exchange with the external environment and

flanking losses around the perimeter of the test sample; and

 The test sample should not have any pathways for air leakage, and

cavities should be sealed at their outer edges and insulated to provide

thermal resistance of at least 2.5 m
2
K/W;

 A minimum air temperature difference of 20K is recommended.

For the purposes of the tests being undertaken, a 1.22m wide by 2.15m high

(2.623m
2
) section was removed from one wall of the internal chamber, which

was subsequently replaced with two different wall type sections – a solid brick

wall and an externally insulated solid brick wall. This was deemed to be within

the guidelines for sufficient sample size in order to obtain reliable results, being

greater than 1m X 1m in size and approximately 3 times the length/width of the

proposed maximum sample thickness of 45mm. The test sample area could not

be made wider than this, otherwise the impact of edge effects would have been

too great due to the lack of adequate supporting structure on each side of the

construction. The structural integrity of the internal chamber may also have

been compromised, leading to risk of warping or possible collapse.
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Due to the proposed sample width being up to 450 mm deep, and the

supporting internal chamber wall only being 30 mm, it was necessary to place

an additional insulative surround on the internal face of the internal chamber

wall that could house the masonry samples. This enabled the brickwork to be

built into the surround and reduced perimeter flanking heat losses from the

sample to the external environment, and modified the u-value of this area of

the wall to 0.1 W/m
2
K.

In terms of instrumentation, a Hukseflux HPF01 heat flux sensor (accuracy +/-

5%) and a T-type thermocouple (accuracy +/- 1°C) was placed on each of the

internal surfaces (walls, ceiling, floor and door), and on the external surface of

the wall sample, all at a height of approximately 1.5m. This allowed constant

measurement of heat flow through the elements and the recording of the

temperature of each surface.

In addition, four T-type thermocouples were placed at regular vertical intervals

(10cm, 75cm, 140cm and 215cm from floor level) to measure air temperature in

the external and internal chambers and to enable evaluation of any

stratification effects. A K-type thermocouple (accuracy +/- 1.5°C) was also

inserted into the insulated void below the chamber floor, in order to monitor

the ability of this construction detail to act as a thermal buffer between the

chamber and the external empirical environment.

Figure 7-11 shows the experimental set up. In addition to the internal and

external heat flux sensors on each surface and suspended in the air, T-type

thermocouples were also embedded in the brick wall section at depths of 5cm,

11cm and 16cm, in line with the external thermocouples. A DT 85 and DT 500

datalogger was used to record information from all of the sensors at 20 minute

intervals.
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Figure 7-11 - Thermal Chamber Sensor Locations (Wall Section and Air Space)

The coheating test methodology was employed as the means to assess thermal

performance of both the internal chamber and the two wall samples, and the

impact of different environmental conditions, such as solar radiation level and

лTく A ｴW;デWヴ ┘;ゲ ヮﾉ;IWS ｷﾐ デｴW ｷﾐデWヴﾐ;ﾉ Iｴ;ﾏHWヴが ┘ｷデｴ ; デｴWヴﾏﾗゲデ;デ ;デデ;IｴWS デﾗ 

maintain temperature at 25°C. A power meter was used to collect data relating

to the amount of energy required to achieve a constant internal temperature.

The access door to the internal chamber was sealed, as were all points of

potential air leakage such as service penetrations.

The test conditions applied, and resulting data, are discussed in the following

sections, whilst a full summary of the data derived from the experimental work

is included in Appendix 9.
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7.2.2 Control Test

In order to establish baseline HLC data for the chamber prior to any alteration

work, an initial coheating test was undertaken. The only alteration made to the

material aspects of the chamber was the installation of a 320 mm celotex

insulation layer to the internal wall surface of the internal chamber. This had a

section removed in order to account for the area where the masonry wall

samples would later be inserted. In this way, any variation in the derived HLC

values could be attributed to changes in the wall section properties, as the

remainder of the chamber construction remained constant throughout the

experimental work.

During the control test, the internal chamber temperature was maintained at

25°C, whilst the chiller unit was used to set the external temperature at

;ヮヮヴﾗ┝ｷﾏ;デWﾉ┞ ヵェC ;ﾐS ヱヰェCく Tｴｷゲ ;IｴｷW┗WS лT ┗;ﾉ┌Wゲ ﾗa ヱヵK ;ﾐS ヲヰKく TｴW 

resulting coheating test results are shown in Table 7-8. Due to the lack of any

natural or artificial light source during the experiment, there was no

requirement to make adjustments for lighting heat gains.

Table 7-8 - Thermal Chamber Control Test - Coheating Data

TｴW S;デ; ゲｴﾗ┘ゲ ; IﾗﾐゲｷSWヴ;HﾉW ｷﾐIヴW;ゲW ﾗa ヶンくヱΓ W ┘ｴWﾐ ; ｪヴW;デWヴ лT ｷゲ 

imposed upon the research chamber. A 0.33 W/K (2.4%) reduction is observed

in the HLC value, which is possibly due to experimental error as in completely

accurate conditions the HLC should remain the same as power input should be

ヮヴﾗヮﾗヴデｷﾗﾐ;ﾉ デﾗ лTく TｴW a┌ﾉﾉ S;デ; ゲWデ ｷゲ ┌ゲWS ｷﾐ Fｷｪ┌ヴW Αどヱヲが ｷﾐ ﾗヴSWヴ デﾗ ﾗHデ;ｷﾐ ; 

mean HLC value for the control chamber via linear regression analysis.

Mean Internal

Temperature

(°C)

Mean External

Temperature

(°C)

Temperature

Difference (K)

Mean Total

(Wh)

Mean Total

(W)

Mean HLC

(W/K)

15K Delta-T 25.45 9.92 15.52 3884.80 216.62 14.01

20KDelta-T 25.39 4.93 20.46 5015.00 279.81 13.68
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Figure 7-12 - Illustration of Full Control Test Data

In addition to providing a baseline mean HLC of 13.80 W/K, the control tests

also presented evidence that the thermal chamber facility had the ability to

produce repeatable and reliable data. The range of HLC values obtained varied

H┞ ; a;Iデﾗヴ ﾗa ヰくヱヵ WっK ふヲヰ K лTぶ ;ﾐS ヰくヲヲ WっK ふヱヵ K лTぶく Iﾐ Hﾗデｴ I;ゲWゲが デｴW 

magnitude of variance was less than 1.6%, and so is deemed acceptable within

the realms of experimental error, which could amount to 7%.

A heat loss model based upon the SAP 2009 calculation methodology was

developed in order to assess the predicted heat loss characteristics of the

chamber. The HLC generated from this exercise amounted to 11.56 W/K, based

on the manufacturer stated u-value data, allowance for the insulated panel,

measured element areas, and default values for air tightness (15 m
3
/(h.m

2
) @

50Pa) and thermal bridging (y=0.15).

The predicted heat loss was approximately 16% lower than that measured

within the chamber, indicating that some of the data inputs within the model

were possibly not correct, either due to differences in physical u-values or

wrongly made assumptions. Further analysis of the heat flux data gathered

during the coheating test showed that the former assertion could be correct. In-

situ u-values were calculated using internal and external air temperatures and

heat flux data, based on the technique outlined in Section 4.6.2. The calculated
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u-values were different from those provided by the manufacturer, as indicated

in Table 7-9.

Table 7-9 - Control Test - Manufacturer Data and Measured U-Values

Even in a simple construction such as the thermal chamber, the measured u-

values were, in some cases, considerably different to those provided in

manufacturer literature. For example, the mean floor u-value calculated from

in-situ heat fluxes was twice that of the expected value. The ceiling also showed

a large variance from the original inputted SAP model data.

When the measured u-values were inputted into the SAP 2009 model, the fabric

only HLC observed increased to 13.60 W/K, which is more comparable to the

13.80 W/K fabric heat losses obtained using the coheating test methodology. If

the total HLC, including assumptions with regard to ventilation strategy, is

considered, the SAP result is greater at 15.09 W/K. However, the steady state

maintained by the thermal chamber during the tests does not utilise a natural

ventilation strategy (as included in the SAP methodology), so the fabric only

heat losses provide a more analogous physical state for data comparison.

In order to assess the ability of the chamber to provide repeatable results in a

range of weather conditions, spot tests were undertaken when external

temperatures ranged from 25°C to -2°C. The HLC and power input data in all

cases was found to be almost identical, demonstrating that, when the chamber

was heated constantly, it was able to produce reliable data across a range of

external weather conditions, due to the fabric performance and insulated

ground floor void.

Left Hand

Wall

Right Hand

Wall
Back Wall

Wall with

Insulation
Floor Ceiling Door

Manufacturer U-

Value Data

(W/m2K)

0.44 0.44 0.44 0.10 0.44 0.44 0.44

Measured U-Value

Data (W/m2K)
0.52 0.56 0.57 0.14 0.88 0.82 0.72



248

7.2.3 Simulation 1: Solid Brick Wall

Following the completion of the control test, a 1.22m wide by 2.15m high

(2.623m
2
) section was removed from one wall of the internal chamber in order

to construct a solid brick wall to be used as the first sample type. This

comprised of an uninsulated 223mm (two brick) thick wall (210mm thick brick

wall with 13mm plaster on brick), built in a traditional manner, with no cavity. A

theoretical u-value of 2.148 W/m
2
K was calculated using software developed by

the BRE, as included in Appendix 10, whilst the relevant experimental data is

located in Appendix 9.

A testing sequence was undertaken, in order to obtain data relating to the

ヮWヴaﾗヴﾏ;ﾐIW ﾗa デｴW ┘;ﾉﾉ ┘ｴWﾐ ｷデ ┘;ゲ ゲ┌HﾃWIデWS デﾗ ; ヴ;ﾐｪW ﾗa лT ┗;ﾉ┌Wゲ ふヱヰKが 

15K and 20K), with the resultant information contained in Figure 7-13.

Figure 7-13 - Solid Brick Wall Test - Coheating Data

It can be seen that the mean HLC value obtained for the solid brick wall is 17.70

W/K, an increase of almost 4 W/K over that observed prior to the alterations

made to the chamber (13.80 W/K). This is attributable to the installation of the

brick wall, as all other material characteristics remained constant, and the error

margin of +/- 7% within the experiment may only account for a maximum

divergence of up to +/- 2 W/K. In terms of variance of the HLC when different



249

лT IﾗﾐSｷデｷﾗﾐゲ ┘WヴW ｷﾏヮﾗゲWSが デｴW ゲﾗﾉｷS HヴｷIﾆ ┘;ﾉﾉ ヴW;IデWS SｷaaWヴWﾐデﾉ┞ デﾗ デｴW 

original chamber, as detailed in Table 7-10.

T;HﾉW Αどヱヰ に SﾗﾉｷS BヴｷIﾆ W;ﾉﾉ TWゲデ に лT HLC V;ﾉ┌Wゲ 

In the case of the control tests, an increase of 63.19W and a 0.33 (2.4%)

ヴWS┌Iデｷﾗﾐ ｷﾐ HLC ┘;ゲ ﾗHゲWヴ┗WS ┘ｴWﾐ デｴW лT ┘;ゲ ｷﾐIヴW;ゲWS aヴﾗﾏ ヱヵK デﾗ ヲヰKく Iﾐ 

Table 7-10, the same change in conditions produces an increase of 0.25 W/K

(1.5%) and rise of 79.26 W with regard to the solid brick wall. Therefore, the

altered construction is behaving in a different way, probably due to the lack of

any thermal mass and associated insulative/heat retaining properties leading to

greater sensitivity to the changes in external chamber temperature.

TｴW ｷﾐIヴW;ゲW ｷﾐ HLC ┘ｴWﾐ ; ヱヰK лT ｷゲ IヴW;デWS HWデ┘WWﾐ デｴW ｷﾐﾐWヴ ;ﾐS ﾗ┌デWヴ 

chamber temperatures is also much higher than the value at 15K, with a rise in

HLC of 1.04 W/K and a power uplift of 86.95 W. The range of HLC values

observed varied from 17.2 W/K to 18.8 W/K, with a maximum variance of 1.6

WっK ふΓくンХぶく TｴWヴWaﾗヴWが лT SﾗWゲ ;ヮヮW;ヴ デﾗ ｴ;┗W ; ヴW;ゲﾗﾐ;HﾉW ｷﾐaﾉ┌WﾐIW ﾗﾐ 

measured HLC values, although this is largely explained by the +/- 7% error

applied to account for equipment precision and sensitivity. Inaccuracy within

the experimental set-up could potentially explain the higher than expected HLC

I;ﾉI┌ﾉ;デWS aﾗヴ デｴW ヲヰK лT ゲｷﾏ┌ﾉ;デｷﾗﾐく 

In terms of u-value assessment, the brick wall section was calculated to have a

u-value of 2.148 W/m
2
K, derived using standard approved methodology

(Building Standards Institute (BSI), 2008a). When inputted into the basic SAP

2009 model produced for the chamber, the predicted fabric heat losses

Mean Internal

Temperature

(°C)

Mean External

Temperature

(°C)

Temperature

Difference (K)

Mean Total

(Wh)

Mean

Total (W)

Mean HLC

(W/K)

10KDelta-T 24.90 14.88 10.02 4457.00 185.72 18.54

15KDelta-T 25.26 9.68 15.58 6544.00 272.67 17.50

20KDelta-T 24.48 4.65 19.83 8776.00 351.93 17.75



250

increased to 17.87 W/K, which closely match the mean HLC of 17.70 W/K

obtained from the series of coheating tests. The heat flux through the solid

brick wall section was used to obtain a measurement of in-situ performance,

and the u-value was found to be approximately 2.21 W/m
2
K, this value being

the mean for the entire testing period. This is relatively close to the expected u-

value, demonstrating confidence in the u-value calculation technique and

providing confirmation that the brick wall construction process was undertaken

to a high standard.

Following the tests to obtain a benchmark mean HLC for the solid brick wall

construction, further analysis of environmental effects continued with a series

of experiments to investigate the impact of solar radiation on the HLC derived

from the coheating test. A bank of 100W halogen lights was used to simulate

radiation levels of approximately 100W, 200W and 350W. This was achieved

through varying the number of lit bulbs in conjunction with a dimmer unit. The

solar lighting board is shown in Figure 7-14.

Figure 7-14 - Thermal Chamber - Solar Lighting Board
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The internal chamber temperature was maintained at 25°C throughout the tests

┘ｴｷﾉゲデ デｴW W┝デWヴﾐ;ﾉ デWﾏヮWヴ;デ┌ヴW ┘;ゲ ゲWデ ;デ ヱヰェCく Tｴｷゲ ヴWゲ┌ﾉデWS ｷﾐ ; Iﾗﾐゲデ;ﾐデ лT 

of 15 W/K being present during the testing sequence. The data obtained from

the experiments is detailed in Table 7-11.

Table 7-11 - Solid Wall Coheating Test - Raw Solar Radiation Test Data

In terms of impact upon the test, the lighting rig appears to be increasing

external temperatures slightly at higher radiation levels, and internal

temperatures appear to be less stable. As greater light intensities are applied to

the wall, the mean total power requirement is lowered, resulting in a decrease

in HLC. This is due to the impact of heat gains from the lighting affecting the

thermal behaviour of the wall. The most noticeable effect is that of the

application of 350W solar simulation, which decreases the HLC by 2.4 W/K. This

suggests that higher levels of solar radiation can significantly affect the

coheating test result, so correction to account for the reduced power input

attributable to this effect is essential.

As such, multiple regression analysis was undertaken in order to account for the

effects of the varying levels of lighting applied during the experiment. The

stability of the conditions in the tests undertaken in different conditions led to

full regression being required on the whole dataset from all three scenarios.

When taken in isolation, the solar aperture could not be derived due to the

extreme similarity between the individual daily test values.

Mean Internal

Temperature

(°C)

Mean External

Temperature

(°C)

Temperature

Difference (K)

Mean Total

Wh

Mean

Total W

Mean HLC

(W/K)

100W Solar 25.34 9.89 15.45 5891.00 245.46 15.88

200W Solar 25.10 10.05 15.04 4981.40 230.74 15.35

350W Solar 25.87 10.58 15.29 4749.00 197.88 12.95
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Following correction of the data, the HLC value calculated for 100W, 200W and

350W lighting intensities was normalised to 17.14 W/K, 17.70 W/K and 17.37

W/K for each case respectively. This compares favourably with the original HLC

ﾗa ヱΑくヵヰ WっK I;ﾉI┌ﾉ;デWS aﾗヴ デｴW ゲﾗﾉｷS HヴｷIﾆ ┘;ﾉﾉ ｷﾐ ゲデ;ﾐS;ヴS IﾗﾐSｷデｷﾗﾐゲ ┘ｷデｴ ; лT 

of 15 W/K. Therefore, the use of multiple regression techniques appears to be

reliable in order to correct for the impact of solar gains, and the remaining

divergence lies within acceptable error limits for the data obtained.

Siviour analysis was also used to evaluate the combined solar data, and the

results from both this and the multiple regression technique are shown in

Figure 7-15 and 7-16.

Figure 7-15 - Solid Brick Wall � Solar Correction Analysis � Multiple Regression
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Figure 7-16 - Solid Brick Wall - Solar Correction Analysis � Siviour Analysis

The HLC value of the combined datasets for the 100W, 200W and 350W solar

simulations are very similar when analysed utilising the two most commonly

employed methods. Multiple regression provides a slightly higher result at

17.46 W/K, which is almost identical to the baseline HLC value of 17.50 W/K

ﾗHゲWヴ┗WS ;デ ; лT ﾗa ヱヵ WっK S┌ヴｷﾐｪ デｴW ┘ﾗヴﾆ ┌ﾐSWヴデ;ﾆWﾐ ヮヴｷﾗヴ デﾗ デｴW ｷﾐゲデ;ﾉﾉ;デｷﾗﾐ 

of the lighting rig. Siviour analysis produces a HLC that is lower by 0.1 W/K, but

this is still relatively consistent with both the multiple regression and the

original control test data. Therefore, both techniques are found to be

appropriate and robust in terms of application to normalise raw power data to

account for solar gains.

7.2.4 Simulation 2: Solid Brick Wall (External Insulation)

Following completion of the tests undertaken on the uninsulated solid brick

wall, the same work was repeated but with additional external insulation

applied to the original wall. The sample now comprised of a 325mm thick wall,

made up of a 210mm thick brick wall with 13mm plaster on brick and 100mm

EPS external insulation and render. The theoretical u-value was calculated to be

approximately 0.3 W/m
2
K, using software developed by the BRE, and the data
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sheet is included in Appendix 10, whilst the relevant experimental data is

located in Appendix 9.

Initially, coheating tests were undertaken to establish the performance of the

┘;ﾉﾉ ;ﾐS デｴW ヴWゲヮﾗﾐゲW ﾗa デｴW a;HヴｷI デﾗ Iｴ;ﾐｪWゲ ｷﾐ лTく Fｷｪ┌ヴW ΑどヱΑ shows the

resultant data, with that obtained for the assessment of the uninsulated wall

also included.

The effect of the additional external insulation is immediately apparent, with

the mean HLC being 14.16 W/K, representing a reduction of 3.52 W/K, almost

20% of the original value obtained for the uninsulated wall. The variance due to

Iｴ;ﾐｪWゲ ｷﾐ лT ｷゲ SWﾏﾗﾐゲデヴ;デWS ｷﾐ T;HﾉW Αどヱヲく 

Fｷｪ┌ヴW ΑどヱΑ ど TｴWヴﾏ;ﾉ Cｴ;ﾏHWヴ CﾗｴW;デｷﾐｪ TWゲデゲ ど лT D;デ; aﾗヴ Iﾐゲ┌ﾉ;デWS ;ﾐS Uﾐｷﾐゲ┌ﾉ;デWS BヴｷIﾆ 

Wall
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T;HﾉW Αどヱヲ ど Cﾗﾏヮ;ヴｷゲﾗﾐ ﾗa лT D;デ;

It is interesting to note that the HLC follows a strictly linear trend when

considered in the context of the insulated brick wall, and yet this is not the

situation in the case of the uninsulated wall. The data relating to both of the

construction types was reassessed, but the resulting values were identical to

those presented here. The difference in behaviour is likely to be due to the

additional protection afforded to the insulated brick wall through the EPS

insulative layer and potential experimental error in the uninsulated wall tests

(+/- 7%). The internal temperature would possibly be less sensitive to changes

in external temperature due to enhanced thermal inertia resulting in slower

response times.

A series of solar simulations were performed with regard to the insulated solid

brick wall, with the results shown in Table 7-13.

Table 7-13 - Insulated Solid Brick Wall � Raw Solar Test Data

It can be seen that, as in the case of the uninsulated brick wall solar tests, the

external air temperatures are being affected very marginally by the lighting

bank. However, the internal air temperature is much more stable, with a

Uninsulated

Wall

Insulated

Wall

Uninsulated

Wall

Insulated

Wall

Uninsulated

Wall

Insulated

Wall

Uninsulated

Wall

Insulated

Wall

Uninsulated

Wall

Insulated

Wall

Uninsulated

Wall

Insulated

Wall

10KDelta-T 24.90 26.19 14.88 15.26 10.02 10.93 4457.00 3894.50 185.72 162.27 18.54 14.84

15KDelta-T 25.26 26.11 9.68 10.40 15.58 15.71 6544.00 5082.86 272.67 229.41 17.50 14.60

20KDelta-T 24.48 25.99 4.65 5.39 19.83 20.60 8776.00 6136.40 351.93 284.14 17.75 13.79

Mean Internal

Temperature (°C)

Mean External

Temperature (°C)

Temperature

Difference (K)
Mean Total Wh Mean Total W Mean HLC (W/K)

Mean Internal

Temperature

(°C)

Mean External

Temperature

(°C)

Temperature

Difference (K)

Mean Total

(Wh)

Mean Total

(W)

Mean HLC

(W/K)

100W Solar 25.53 10.05 15.47 5383.50 224.31 14.50

200W Solar 25.69 10.11 15.58 5170.67 215.44 13.82

350W Solar 25.69 10.58 15.11 4489.66 198.18 13.11
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variance of 0.16°C as compared to the previously noted 0.53°C. This is due to

the enhanced ability of the wall construction to regulate for solar effects due to

the addition of the insulative layer. This could have some relevance in terms of

the wider context of hard to treat solid brick wall dwellings, where

improvement through use of external insulation might be the only viable option.

In terms of reduction in power requirement due to the impact of solar gains,

the insulated wall construction varies by only 26W between the 100W and

350W tests. In the case of the uninsulated wall, the range within the dataset

was almost double, indicating that the addition of the EPS layer has reduced the

sensitivity of the HLC value due to enhanced thermal capacity.

Multiple regression analysis was applied to the raw data from the coheating

test, in order to adjust for the impact of solar effects. The mean corrected HLC

values for the 100W, 200W and 350W simulations were 14.86 W/K, 14.64 W/K

and 14.46 W/K respectively. These are all very similar to the 14.6 W/K value

I;ﾉI┌ﾉ;デWS aﾗヴ デｴW ヱヵェC лT I;ゲW ｷﾐSｷI;デｷﾐｪ デｴ;デ デｴW ヴWｪヴWゲゲｷﾗﾐゲ ;ﾐ;ﾉ┞ゲｷゲ ｴ;ゲ ﾗﾐIW 

again provided reliable adjustment of the data.

In terms of the actual performance of the wall, the SAP 2009 model was

adjusted to include a sample wall u-value of 0.3 W/m
2
K, as originally calculated.

This produced a fabric heat loss prediction of 13.02 W/K, which is clearly much

lower than the measured coheating test mean value of 14.16 W/K. Using the

heat flux data for the period relevant to the coheating tests undertaken with no

solar intervention, an average calculated in-situ u-value of approximately 0.6

W/m
2
K was obtained. This resulted in a revised SAP 2009 HLC value of 13.81,

which is slightly more comparable with the data derived from the coheating test.

Whilst the calculated mean of the range of HLC values is 14.16 W/K, this differs

slightly from the HLC derived using more complex methods such as multiple

regression and Siviour analysis, as shown in Figure 7-18 and Figure 7-19.
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Figure 7-18 - Insulated Brick Wall � Solar Correction Analysis � Multiple Regression

Figure 7-19 - Insulated Brick Wall - Solar Correction Analysis - Siviour Analysis

Both multiple regression and Siviour analyses produce a higher HLC of 14.68

W/K and 14.966 W/K respectively. The base case HLC value of the chamber with

デｴW ｷﾐゲ┌ﾉ;デWS HヴｷIﾆ ┘;ﾉﾉ ｷﾐ ヮﾉ;IW ;ﾐS ; лT ﾗa ヱヵ WっK ┘;ゲ ヱヴくヶ WっKが ┘ｴｷIｴ ｷゲ 

consistent with the derived multiple regression value. Siviour analysis produces

a higher result, which is the converse situation to that observed with the
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uninsulated solid brick wall, where the result was lower in comparison to that

calculated using the multiple regression technique. In both cases, the multiple

regression value was almost identical to the original baseline value, which

indicates that this method may be less sensitive to other factors within the data

that may influence the final solar-corrected HLC value.

7.2.5 Assessment of Thermal Lag

Following the initial assessment of the impact of a constant supply of simulated

solar lighting applied at different levels, a series of experiments were

undertaken in order to obtain a deeper understanding of the long-term effect

of exposure to radiance on the two types of wall construction under evaluation.

The lighting rig was set-up to deliver 100W, 200W and 350W intensities for a

period of approximately 6 hours, and then the lamps were switched off for 18

hours. Monitoring of the heat flux, surface temperatures and temperatures

within the wall construction provided an indication of the impact of solar

effects on the behaviour of the two samples in each scenario, with data

included in Appendix 9 and graphs showing the feat and temperature flows

relevant to each simulation in Appendix 11.

As shown in the example graphs in Figure 7-20, and the further charts in

included in Appendix 11, the two types of wall construction clearly react

differently to the lighting cycle. In all cases, the external wall heat flux

demonstrates more sensitivity to the heat source provided by the lighting rig,

which would be expected as this surface of the wall is closer to the applied heat

source. The baseline heat flux condition of the solid brick wall is approximately -

30 W/m
2
, as compared to -5 to -10 W/m

2
in the case of the insulated wall. This

change in heat flow level is solely attributable to the thermal mass incorporated

by way of the insulation material, as all other test conditions remained

consistent in each set of experiments.

In all of the solar simulations, the uninsulated solid brick wall shows an initial

peak in external heat flux which slowly regulates over time as the wall condition

stabilises. The heat flux level observed in the 100W test scenario rises
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immediately to 0 W/m
2

when the lights are activated, which then takes

approximately 7 hours to regulate to baseline levels following removal of the

light source. A similar situation occurs when 200W of lighting is applied to the

wall, although it takes longer for the building fabric to return to original heat

flux levels (9 hours). When the 350W lighting bank is utilised, the heat flux

peaks suddenly at +50 W/m
2
, indicating that heat is flowing into the wall,

before gradually decreasing to -15 W/m
2

over a period of 7 hours as the fabric

temperature normalises. When the lights are switched off, the heat flow out of

the wall increases considerably and then requires a full solar simulation cycle

(17 hours) to regulate to pre-test levels.

The insulated wall reacts more immediately to the application and removal of

the light source. In the case of the 100W, 200W and 350W tests, maximum heat

flows out of the wall are measured at approximately -18 W/m
2
, -40 W/m

2
and -

55 W/m
2

respectively. The time taken to reach each of these values is 2 hours, 3

hours and 5 hours, showing that the additional heat levels associated with the

lights is affecting heat flow out of the insulation and that higher lighting

intensities require a longer stabilisation period. Following removal of the lamps,

the insulated wall shows a more rapid return to baseline heat flux conditions,

with a stabilisation time of 2 hours, 3 hours and 4 hours for the 100W, 200W

and 350W scenarios.
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Figure 7-20 - Solar Cycle Simulation - Heat Flux Data

With regard to the heat flux measurements associated with the internal surface

of the wall, the insulated brick wall shows no change during any of the tests,

and maintains consistent heat flow into the wall of approximately +5 W/m
2

even at high lighting intensities.
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More variation is observed in the case of the uninsulated wall. The baseline

heat flux level during the 100W and 200W tests is approximately +15 W/m
2
,

which then decreases slightly to +14 W/m
2

during the period when the lights

are in operation. The original heat flux recorded during the 350W test is +18

W/m
2
, reducing to approximately +16.5 W/m

2
. Whilst this is only a slight change

in heat flow into the wall from the internal chamber, it occurs as the heat

flowing out of the external wall surface is decreasing due to heat gains from the

light source. This effectively means that the electrical power requirement to

retain a constant temperature inside the internal chamber will be reduced due

to the simulated solar gains.

In terms of external surface wall temperature, this follows the opposite trend to

the heat flow data, which would be expected as the additional heat gains from

the wall would increase surface temperature whilst reducing heat flows. The

uninsulated wall shows a baseline temperature in all test conditions of

approximately 13°C. In the case of the 100W test, this quickly rises to 14°C and

continues to increase to a maximum of 15.5°C, taking approximately 3 hours to

stabilise following the removal of the lamps. The 350W simulation results in a

greater initial temperature rise to 18°C, increasing to 21.5C, and then requires

the full solar cycle timescale (17 hours) to return to the baseline 13°C. The

200W experiment falls between the two extremes, with the temperature

peaking at 17°C and a normalisation time of approximately 6 hours.

The insulated solid brick wall displays an immediate reaction to the

application/removal of the light source, with no lag time observed in order for

temperatures to regulate following removal of the lamps. The baseline

temperature is lower than that observed in connection with the uninsulated

wall, being 11.5°C in all cases. This rises to 13.2°C, 16.5°C and 20.5°C in the case

of the 100W, 200W and 350W simulations respectively.

Whilst the baseline and maximum external wall surface temperatures are

different for the two wall constructions, it is interesting to note that the

increase associated with the application of the lights is almost identical. This
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amounts to approximately 2°C, 4°C and 8.5°C for the 100W, 200W and 350W

tests in turn. The heat gains will change the surface boundary condition of the

wall, which will influence the heat flows in and out of the brickwork.

An example of the effect of the simulated solar gains on the temperature profile

occurring within the fabric of the wall sections is displayed in Figure 7-21, and

further charts are included in Appendix 11. The insulated wall does not show a

significant response at 100W and 200W intensities, with the temperature

profile remaining constant throughout the lamps on/lamps off cycle. A slight

change can be seen in the 350W test, with temperatures rising slowly during

the period when the lamps are in operation. The actual rise in temperature is

approximately 0.8°C in the case of each sensor, although due to the thermal

mass of the wall construction it takes approximately 10 hours for the wall to

return to the original temperature recorded prior to the lights being switched

on.

The solid brick wall has a greater response to the enhanced temperature

imposed by the heat from the lamps. Even at low levels of solar simulation, the

lack of any insulation within the wall construction leads to an increase in wall

temperature of between 1°C and 2°C depending on sensor location. The rise in

temperature in the external sensors (closest to the light source) is higher than

that observed in the thermocouples near to the internal wall surface. A time

period of approximately 7 hours is required for the wall temperature to stabilise

following the lighting cycle.
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Figure 7-21 - Solar Cycle Simulation - Temperature Profile Through Wall Section

This effect is even more noticeable when higher lighting intensities are

considered. When the 200W light source is used, the external sensors show an

increase in temperature in excess of 4°C, whilst those closer to the internal

surface rise by approximately 1.8°C when the lights are in use. The temperature

decreases more quickly when the lighting bank is removed, with original wall

temperatures being reached after approximately 9 hours.
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As would be expected, the data from the 350W experiment illustrates that the

wall reacts strongly to higher levels of solar simulation. Indeed, the external

wall sensors show a rapid temperature increase of 7°C, while the temperature

closest to the internal wall surface rises by almost 4°C. It then takes the entire

duration of the ‘dark’ element of the cycle (approximately 17 hours) for the

temperature to stabilise to that existing prior to the lights being applied to the

wall.

This demonstrates that the application of external insulation to the solid brick

wall provides a buffer to protect the internal environment from the effects of

solar gains. The wall temperature is maintained at a steady state throughout

the solar simulation cycle due to the heat already stored within the insulative

layer. When the solid brick wall is considered with no insulation applied, the

wall temperature prior to the operation of the lighting rig is 15-21°C (depending

on sensor location), which is noticeably lower than in the case of the insulated

wall (approximately 22-25°C). The temperature gradient throughout the wall

section is much more pronounced.

The uninsulated wall brickwork temperature reacts immediately when the

lamps are switched on and off, and the thermal lag and time taken for the heat

imposed by the lights to dissipate is apparent even at low light intensities. At

higher levels of solar simulation, a considerable time period is required in order

for the wall temperature to stabilise. A similar situation is observed in relation

to the heat flux and temperature levels associated with the external wall

surface.
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7.2.6 Assessment of Moisture Effects

The impact of precipitation on the results of the coheating test is an area of

uncertainty in the context of how it may affect the property under

consideration and the resulting HLC values. In order to investigate this matter,

the insulated brick wall constructed within the thermal chamber was used to

evaluate the potential effects of moisture on the data relating to heat losses.

Two scenarios relating to simulated rainfall were applied to the standard test

conditions of a constant 10°C external air temperature and 25°C internal air

temperature. During the first experiment, a pressure sprayer set to deliver a

fine mist of water was used to apply a wetting rate of 1.5 litres per m
2

over the

external surface of the wall sample. An additional water volume of 5% was

allowed, in order to compensate for losses due to evaporation and poor

absorption into the wall. The level of runoff from the surface of the wall was

minimal due to the slow rate of water application. During the second test, the

same procedure was followed and then the lighting bank was activated to

deliver a simulated solar effect of 200W to the wetted wall surface.

The external surface heat flux and temperature data analysed for each test is

shown in Figure 7-22 and Figure 7-23 . The effect of the change in conditions

had a minimal effect on the internal wall and within wall surface heat fluxes and

temperatures due to the external insulation acting as a barrier to the external

environment. It is probable that the wetting levels applied would only

penetrate into the concrete render layer on the external surface of the wall.
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Figure 7-22 - Simulated Rainfall Effect - No Solar Radiation

Figure 7-23 - Simulated Rainfall Effect - 200W Solar Radiation

In both of the tests, the baseline level of external surface wall temperature and

heat flux prior to any change in environmental conditions is approximately 12°C

and -10 W/m
2

respectively. In the case of the experiment with no solar

simulation, the heat flux level out of the wall reaches -40 W/m
2
K before
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returning steadily to normal levels over a period of 8 hours. As can be observed

in the surface temperature data, the wall surface is cooler following the

application of water, which results in increased heat movement out of the wall,

in addition to increased conductivity and latent heat losses. There is a period of

time when the heat flow becomes positive, indicating that heat is flowing into

the wall from the external environment. This would occur when the surface

temperature of the wall is higher than the temperature of the mass of the

concrete render material.

When the same wetting conditions are repeated with the incorporation of an

artificial lightsource to simulate solar levels of approximately 200W, the

behaviour of the heat flows associated with the wall is significantly different.

The heat flow increase out of the wall when the water is applied is similar to the

first experiment, at approximately -38 W/m
2
K, whilst the external surface

temperature decreases to 10°C. When the lighting bank is activated, there is a

sharp rise in heat flux into the wall, reaching +40 W/m
2
K, and the surface

temperature also increases to 22°C. This is due to the impact of the solar heat

source on the mass of the wall, which is cooler than the external boundary

conditions. As the render material starts to dry and becomes warmer due to

stored heat, it begins to transmit heat back into the external airspace. This

results in the surface temperature of the wall gradually decreasing, while the

heat flow out of the wall causes a negative heat flux that stabilises at around 35

W/m
2
.

In terms of the impact on the total heat losses observed, the thermal chamber

has a standard HLC value of 14.86 W/K for the baseline experimental conditions

utilised. In the case of the test with no solar radiation, a HLC of 14.59 W/K was

calculated, while this reduced to 14.42 W/K for the simulation including 200W

solar (uncorrected for solar effects). The baseline HLC for the chamber with

ヲヰヰW ﾉｷｪｴデ ｷﾐデWﾐゲｷデ┞ ;ヮヮﾉｷWSが ┘ｴWﾐ ﾐﾗ ヴ;ｷﾐa;ﾉﾉ ｷゲ ｷﾐIﾉ┌SWS ;ﾐS デｴW ゲ;ﾏW лT ｷゲ 

used, is 14.26 W/K.
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The results are not conclusive as to the effect of the rainfall simulation on the

HLC value. In the case of the dry and wet tests with no solar radiation, a

decrease of 0.27 W/K is observed. However, the same tests but with application

of an artificial light source show an increase in HLC of 0.16 W/K. Such

differences are slight, and it is not possible to say with certainty whether the

changes in HLC are due to the applied moisture levels. Slight differences in test

IﾗﾐSｷデｷﾗﾐゲが ゲ┌Iｴ ;ゲ лTが ﾏ;┞ ;ﾉゲﾗ ｴ;┗W ゲｷﾏｷﾉ;ヴ WaaWIデゲく TｴW W┝ヮWヴｷﾏWﾐデ ﾏ;┞ ﾐﾗデ 

be sensitive enough to highlight differences in the HLC attributable solely to the

change in moisture content, and the variance observed is within the +/- 7%

error range of the experiment.

It would be anticipated that, should the same test be repeated on the solid

brick wall with no external insulation and render in place, the application of

simulated rainfall and solar would be produce a more pronounced effect. This is

due to the permeability of the brickwork, which would allow for greater

penetration of the moisture into the building fabric. However, due to the

limited availability of the thermal chamber for further tests, it was not possible

to confirm this theory through experimental work.

7.2.7 Implications for the Coheating Test

The experimental work undertaken using the thermal chamber confirms that

the environmental conditions present during a coheating test can affect the

data collected and results obtained. Physical construction specification of

building elements may also have a large influence on the way in which a

building will respond to external stimuli, as shown through undertaking a series

of controlled experiments on an uninsulated and externally insulated solid brick

wall.

WｷﾐS ゲヮWWS ;ﾐS лT ┗;ﾉ┌Wゲ I;ﾐ ｴ;┗W ゲﾗﾏW ｷﾏヮ;Iデ ┌ヮﾗﾐ デｴW HLC ┗;ﾉ┌Wゲ SWヴｷ┗WS 

through use of post-construction on-site experiments. Both wall types showed

;ﾐ ｷﾐIヴW;ゲW ｷﾐ HLC ;デ ; лT ┗;ﾉ┌W ﾗa ヱヰK ;ゲ Iﾗﾏヮ;ヴWS デﾗ デｴW ゲデ;ﾐS;ヴS H;ゲWﾉｷﾐW лT 

of 15K. This amounted to a 6% and 1.6% increase in HLC value for the

┌ﾐｷﾐゲ┌ﾉ;デWS ;ﾐS ｷﾐゲ┌ﾉ;デWS ┘;ﾉﾉ ヴWゲヮWIデｷ┗Wﾉ┞く WｴWﾐ ; ｪヴW;デWヴ лT ﾗa ヲヰK ┘;ゲ 
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imposed on the wall sections, the uninsulated wall showed an increase of 1.4%

whilst the insulated wall HLC decreased by 5.5%. However, the variances

observed are largely within the realms of experimental error, and the results

are generally stable within a low range of variance.

Recalculation of the data did not reveal any analytical errors, so the difference

in behaviour is assumed to be associated with the behaviour of the wall

construction. It does demonstrate that individual dwellings do need to be

assessed on a specific rather than generic basis, as the materials used and

thermal characteristics will directly affect sensitivity to external parameters.

This extends to consideration of wind speed, which could lead to a variation in

HLC of +/-10% against measured mean HLC values, as in the case of the E.On

House in the April 2012 testing period.

With regard to the effect of solar radiation, in the case of the solid brick wall, a

100W, 200W and 350W lighting simulation resulted in a 9%, 12% and 26%

reduction in uncorrected HLC values. When an external insulative layer was

applied, the same wall displayed a decrease in raw HLC of 1%, 5% and 10% in

analogous conditions. This suggests that the insulated layer is successfully

reducing the amount of solar heat being absorbed by the brickwork and is

increasing stability of the heat flow and temperature profile of the structure. In

both cases, multiple regression analysis successfully realigned the raw HLC data

デﾗ H;ゲWﾉｷﾐW ┗;ﾉ┌Wゲ ﾗHデ;ｷﾐWS ｷﾐ Iﾗﾏヮ;ヴ;HﾉW лT IﾗﾐSｷデｷﾗﾐゲ ┘ｷデｴ ﾐﾗ ゲﾗﾉ;ヴ ｷﾐaﾉ┌WﾐIWく 

In addition to any variations observed within the data attributable due to

differences in solar radiation levels, temperature and wind speeds occurring at

the time of an on-site experiment, the analytical approach used to evaluate the

data could also lead to variance in calculated HLC values. The two cases

examined in this study demonstrate that both techniques produce relatively

similar results, with a 0.5% and 2% difference observed in the multiple

regression and Siviour analysis undertaken in relation to the uninsulated and

insulated brick wall.
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Some suggestion has been made that a simplified analytical technique could be

developed, where raw power data confined to the hours of night-time only is

used to obtain a HLC value through use of simple linear regression techniques.

This would negate the need to correct for solar gains and subsequent multiple

regression or Siviour analysis. However, concern has been expressed as to the

impact of heat gains that may remain stored within the building fabric which

may continue to affect the HLC data after sunset (National House Building

Council (NHBC) Foundation, 2013).

Indeed, the thermal lag observed in the case of the uninsulated wall was

considerable, with a regulation time period of 7 hours, 9 hours and 17 hours

required following the 100W, 200W and 350W solar simulations. This was

reduced to 2 hours, 3 hours and 4 hours after the external insulation was

applied. It should be noted that the lamps were switched on to a constant light

intensity for 6 hours in each case and then removed for 18 hours. In reality, this

may not provide a true representation of conditions experienced on site during

a coheating test, as longer or shorter (or indeed very few) sunshine hours may

be experienced and solar radiance levels may be intermittent and variable in

nature. However, it would appear that a long time period may be required for

the influence of solar gains to be removed completely from the test data, which

could reduce the amount of usable data to an unacceptably short timescale in

any 24 hour period if the hours of daylight (particularly in summer) are ignored.

This is particularly true when considering building forms that incorporate low

levels of insulation.

In order to actually quantify the effect of the various factors on the results

obtained from the coheating test, Table 7-14 shows an estimation of the impact

that different factors contributing to variance within the test could potentially

have on the measured HLC and household energy costs.

The calculations utilise the SAP 2009 model developed in Section 7.1, which had

a calculated HLC of 170.57 W/K and 161.47 W/K for the natural and MVHR-

based ventilation strategies respectively. The cost data is based upon the
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£ cost/1 W/K values calculated in relation to this model during the sensitivity

analysis exercise. The impact on the HLC in terms of W/K increase/decrease has

been derived from data relating to the chamber testing regime and the practical

coheating tests undertaken on the example retrofit and new-build dwellings.

The % change associated with each parameter has been applied to the SAP

2009 model HLC in order to obtain a baseline for comparative analysis.

Table 7-14 - Impact of Coheating Test Variables on HLC and Energy Cost Data

In terms of evaluation of the environmental conditions present during a

coheating test, the data demonstrates that external temperatures and levels of

solar radiation could potentially have a significant upon the resulting measured

HLC. This then translates into either an underestimation or overestimation of

the whole house heat losses associated with the dwelling under consideration.

A cost of £2.42 has been applied for each 1 W/K change, derived from the mean

value of all fabric-related data obtained during the sensitivity analysis.

Difference in

W/K

Cost of 1 W/K

HLC Change

(£/year)

Actual Cost of

Variance

(£/year)

Fabric U-Value Underperformance (chamber tests

- average 30% underperformance)
+15.6 £2.42 £37.75

Thermal Bridging (Tarmac House - 50%

variance)
+22.0 £2.43 £53.46

Underperformance of MVHR system (from E.On

House - (9% reduced efficiency)
+11.5 £2.13 £24.50

Underperformance of MVHR system (E.On House

air throughput rates - 0.11 ACH pressurisation)
+10.0 £2.64 £26.40

High Delta-T Values (20K) (from case study and

chamber data - 7% change for 5K change)
+11.94 £2.42 £28.89

Low Delta-T Values(10K) (from case study and

chamber data - 7% change for 5K change)
-11.94 £2.42 -£28.89

High Solar Gains (from case study and chamber

data - 17 W/K (10%) change at 350W solar

level)

-17.0 £2.42 -£41.14

Medium Solar Gains (from case study and

chamber data - 9 W/K (5%) change at 200W

solar level)

-9.0 £2.42 -£21.78

Low Solar Gains (from case study and chamber

data - 2W/K (1%) change at 100W solar level)
-2.0 £2.42 -£4.84

Solar Gains Correction Technique (from chamber

data - 2% change)
+3.5 £2.42 £8.47
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If the observed change in HLC value apparent when a significant or consistent

ｴｷｪｴ ﾗヴ ﾉﾗ┘ лT ｷゲ ヮヴWゲWﾐデ ｷゲ IﾗﾐゲｷSWヴWS デﾗ HW ﾗa ヴWﾉW┗;ﾐIWが ｷデ ┘ﾗ┌ﾉS ;ﾏﾗ┌ﾐデ デﾗ 

an unexpected increase in space heating fuel supply of up to £30/year. Should

the impact of high solar radiation levels not be addressed in the analysis of the

data, this may amount to additional expenses of up to £40/year.

It is therefore critical to ensure that such factors are considered carefully when

calculating the W/K heat losses using the coheating test methodology. Whilst

the physical weather present at the time of an experiment cannot be controlled,

the data at least provides an indication of the magnitude of influence that

temperature and solar radiation levels might have on the resultant measured

HLC value.

It is interesting to note that an underperformance of fabric material u-values

has quite a pronounced effect on the household energy cost when the

measured coheating test data is considered, amounting to £37.75/year when an

average value of 30% underperformance is assumed (as per evidence from

existing research). Thermal bridging is also highly sensitive to changes in

performance levels. This demonstrates the need to ensure that care is taken

during the construction of a building to ensure that it is completed to a high

level of precision, and that any substituted materials meet the same

specification as those prescribed by the design team.

The cost to the householder above the expected level could be significant if the

physical building fails to meet design stage fabric performance levels. This

extends to the design, installation and commissioning of MVHR systems, where

low efficiencies and imbalances in flow rates can compromise the effectiveness

of the ventilation strategy and lead to increased costs for the end-user.
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7.3 Impact Quantification Matrix

It has been demonstrated that both the design-stage modelling and post-

construction testing techniques are sensitive to a number of factors that may

influence the final calculated and measured data. In terms of actual importance

and significance of the various elements, the analysis of their impact should

comprise of a two-fold process. Not only should the magnitude of their impact

be considered, but this should be further assessed within the context of the

likelihood or probability that an isolated parameter could lead to a change in

HLC value, carbon emissions, space heating fuel supply requirements and cost

to the householder.

The findings from the assessment of the contributing sources to divergence in

predicted and measured HLC values have been used to develop a methodology

to determine the risk associated each factor. Firstly, risk ranking levels for

several parameters were defined, including:

 Likelihood – the percentage chance that an error or inaccuracy may arise

in relation to each factor

 Impact on SAP HLC – the percentage change in a parameter required to

effect a 1W/K shift in HLC value, derived from the SAP sensitivity

analysis undertaken in Section 7.1

 Impact on Coheating Test HLC – the measured divergence in HLC, given

in W/K, observed due to different factors during practical investigative

work

 Impact on Cost – SAP (£/ W/K) – the theoretical cost per 1 W/K HLC

change derived from the SAP 2009 model as a result of the sensitivity

analysis
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 Impact on Cost – Coheating Test (£) – the application of the theoretical

cost per 1 W/K HLC change obtained during the SAP sensitivity exercise

to the measured data resulting from the E.On House, Tarmac House and

thermal chamber experimental work. It is an absolute cost of the

increase or decrease in supplied fuel cost to a household.

The respective risk ranking ranges are defined in Table 7-15.

Table 7-15 - Risk Ranking - Definition of Ranges

Each of the individual aspects of sensitivity identified in the literature review,

desk-based SAP methodology analysis, assessment of the retrofit and new-build

dwellings, and experimental thermal chamber work was evaluated using the

risk ranking indicators. This enabled the production of a normalised index of

significance of the effect of each factor, expressed by way of likelihood of

occurrence and magnitude of the influence on HLC and cost factors. This work is

detailed in Table 7-16.

Within the context of the SAP methodology, changes in fabric u-values and to

the /20 rule of thumb have a low impact on cost to the householder, although

the HLC is quite sensitive to changes in party wall and glazing element u-values.

A medium risk is assigned to fabric underperformance in the context of the

coheating test. The level of airtightness applied to the SAP model is also likely to

have a medium effect on both HLC values and fuel costs.
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Assumptions and default calculations used within the SAP methodology may

also impact upon the predicted HLC for a given property. The standard division

factor of 20 as applied to q50 data in order to gain an approximation of ambient

air change rate has a medium risk in causing variation within the HLC value,

although the manifestation of this in cost to the householder is low. It is the

most sensitive parameter in terms of the amount of change required to the

division factor in order to cause a change in HLC of 1 W/K. The effects of errors

in the calculation and assumed level of 0.5 ACH in the calculation of an effective

air change rate are low in terms of impact on the HLC but medium when

potential costs are considered.

Table 7-16 - HLC Risk Assessment Quantification Matrix

Potential Cost Impact
Impact on

HLC

Potential

Cost

Impact

Risk Ranking
Risk

Ranking

Risk

Ranking

1.0 SAP Methodology

1.10
General errors made in SAP

model data inputs

Research shows up to 25% of

performance gap error could be

attributable to this factor

4 2 3 Medium Medium

1.20 Wall U Value

5.49% parameter change

required for 1 W/K HLC Change -

cost £2.42 per W/K

2 2 3 Low Medium

1.30 Floor U Value

11.36% parameter change

required for 1 W/K HLC Change -

cost £2.42 per W/K

2 1 3 Low Medium

1.40 Roof U Value

8.62% parameter change

required for 1 W/K HLC Change -

cost £2.42 per W/K

2 2 3 Low Medium

1.50 Party Wall U Value

3.10% parameter change

required for 1 W/K HLC Change -

cost £2.42 per W/K

2 3 3 Medium Medium

1.60 Glazing U Value

2.15% parameter change

required for 1 W/K HLC Change -

cost £2.42 per W/K

2 4 3 Medium Medium

1.70 Thermal Bridging

2.94% parameter change

required for 1 W/K HLC Change -

cost £2.43 per W/K

4 4 3 High Medium

1.80 Air Tightness

mean 6.7% parameter change

required for 1 W/K HLC Change -

cost £2.61 per W/K

3 2 3 Medium Medium

1.90 Rule of Thumb (/20)

mean 0.135% parameter

change required for 1 W/K HLC

Change - cost £1.53 per W/K

1 5 2 Medium Low

1.91
Effective Air Change Rate (0.5

ACH)

mean 6.17% parameter change

required for 1 W/K HLC Change -

cost £3.87 per W/K

4 2 3 Medium Medium

1.91 MVHR Efficiency (90%)

2.70% parameter change

required for 1 W/K HLC Change -

cost £2.13 per W/K

4 4 3 High Medium

1.92
Wind Speed (use of site-based

rather than embedded data)

Up to 15% variance compared

to SAP default
4 4 4 High High

Risk

ID

No

Description
Likelihood

(1-5)

Impact

on HLC

(1-5)

Potential

Cost

Impact

(1-5)
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The use of generic wind speed within the SAP 2009 model presents a high risk

item, as the local conditions relevant to the time of a coheating test generally

lead to over-estimation of wind speeds when applied to the University Park CEH

site in Nottingham. This can be partially overcome through replacing the default

wind speed data in the SAP calculations with data obtained that it is relevant for

the timeframe of each experiment. However, this is time-consuming,

particularly when undertaking analysis in multiple locations.

Thermal lag is a greater cause for concern as in some constructions it can take a

significant period of time for the heat stored in the building fabric to dissipate.

As such, the use of night-time only data analysis may not be appropriate as,

when thermal lag is considered, the time period of data that can be used to

calculate a post-construction HLC may be too restricted to obtain a realistic

indication of performance.

Impact on

HLC

Potential

Cost

Impact

Risk

Ranking

Risk

Ranking

2.00 Coheating Test Methodology

2.10
Underperformance of in-situ

fabric performance (u-values)

mean 30% underperformance

equates to 15.6 W/K increase -

cost of £37.75

2 4 3 Medium Medium

2.20

Underperformance of in-situ

fabric performance (thermal

bridging)

mean 50% variance equates to

22 W/K increase - cost of

£53.46

4 5 5 High High

2.30
Underperformance of MVHR

system (efficiency)

9% reduced efficiency equates

to 11.5 W/K increase - cost of

£24.50

4 3 3 Medium Medium

2.40
Underperformance of MVHR

system (air throughput rates)

0.11 ACH over supply equates to

10W/K increase - cost of £26.40
4 3 3 Medium Medium

2.50 High Solar Gains

10% change at 350W solar

intensity equates to 17 W/K

decrease - saving of £41.14

1 4 4 Low Low

2.60 Medium Solar Gains

5% change at 200W solar

intensity equates to 9 W/K

decrease - saving of £21.78

3 2 3 Medium Medium

2.70 Low Solar Gains

1% change at 100W solar

intensity equates to 2 W/K

decrease - saving of £4.84

4 1 1 Low Low

2.80 Solar Gains Correction Technique

2% difference in HLC value

equates to 3.5 W/K increase -

cost of £8.47

4 1 1 Low Low

2.90 Thermal Lag

Long standing impact due to

heat gains in construction

structuralmaterials

5 4 3 High High

2.91 Wind Speed

Reduced effective infiltration

rate and HLC values at higher

wind speeds

3 4 4 Medium Medium

3.00 Other Parameters

3.10

Lack of SAP model updates to

account for changes in

specifications during construction

process

Research shows up to 65%

discrepancy and errors present

in up to two thirds of

assessments

4 5 5 High High

Factor Description
Likelihood

(1-5)

Impact

on HLC

(1-5)

Potential

Cost

Impact

(1-5)

Risk

ID

No
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More generic matters such as lack of updating of SAP models to reflect the

materials actually used on site and general data input errors may present a

medium to high level of risk to the accuracy of the HLC value and cost to the

householder. This is not surprising, as evidence suggests that the likelihood of

these situations occurring is high, and an inaccurate model would generally

result in a performance gap being apparent between calculated and measured

data if the theoretical information is not updated to reflect the true as-built

dwelling.

Thermal bridging presents the highest level of risk consistently in both the SAP

2009 and coheating test risk analyses. It appears that it is critically important to

design a dwelling in a simple form that avoids complex junctions, and equally

essential for the construction team to pay care and attention during the

building process. MVHR efficiency is another high ranking risk item, particularly

in terms of cost to the end user. Correct design, installation and commissioning

is necessary in order to ensure that optimum efficiency levels are achieved, as it

is only at high performance levels that any cost savings will be realised.

7.4 Conclusions

It can be seen that there are many factors that can impact upon the ability of

both design-stage and post construction tests to produce a true indication of

the fabric performance of a dwelling. The risk level associated with the different

contributors varies depending on the likelihood and magnitude of the effect of

each area of concern.

In the case of temperature and wind effects, the impact of environmental

conditions can be smoothed if the test is carried out over several days. It only

becomes truly problematic if extremes of weather are present for significant

proportions of the testing timeframe. In this case, some normalisation may be

required to account for the effects wind speed. Use of local wind speed and

temperature data within the SAP 2009 model could potentially reduce the

magnitude of the observed gap between design-stage and as-built performance.
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The solar levels experienced during a coheating test are largely accounted for

through use of multiple regression or Siviour analysis to adjust the data in order

to compensate for the decreased raw power input recorded due to increased

heat gains. It would be expected that at least a low level of solar gains would be

encountered during the experimental period, but the actual effect on HLC is

quite minor. Higher levels of solar radiation do have a pronounced impact on

the HLC, but can be compensated for through calculation techniques. However,

should a coheating test be undertaken in conditions with consistently medium

or high levels of solar intensity, the coheating test HLC data could provide an

erroneously low HLC result.

In order to account for discrepancies between design-stage details relating to

construction, and those present in the as-built dwelling, it would appear to be

beneficial to ensure that the SAP model used to evaluate the property is

updated with the correct data. A proportion of the divergence between

measured and predicted HLC values can be attributed to the two assessments

being based on disparate baseline information (i.e. the details included in the

SAP model do not concur with those physically existing on site).

From the analysis undertaken here, it would appear, however, that issues

surrounding the calculation and construction of thermal bridges in building

structures, along with the failure to achieve optimum MVHR efficiency levels,

present the greatest opportunity for improvement of alignment between

theoretical and in-situ HLC calculations.
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8 CONCLUSIONS AND FURTHER WORK

The need to reduce energy demands and carbon emissions of buildings is

becoming increasingly important. Time is progressing towards the 2020

deadline set to achieve the EU targets of 20% reductions in greenhouse gas

efficiency and energy consumption, alongside a 20% improvement in energy

efficiency, across all EU Member States. The urgency is further compounded by

the ambition of the UK Government to achieve 80% reductions in carbon

emissions by 2050, and zero carbon new-build homes by 2016. It can therefore

be seen that the amount of time available to achieve these aspirations is limited,

and whilst progress is being made it may not necessarily be fast enough to meet

the final goals within the timeframe provided.

The area of building energy performance is complex, with a number of

interrelating factors affecting the overall energy demand of a dwelling.

Inevitably, the materials and systems incorporated into a design will have a

significant impact upon energy consumption and carbon emissions. Whilst there

is an increasing amount of evidence to support the existence of a gap between

the predicted and actual performance of UK housing, it is still an area where

more work is required to fully understand the causal links between the design

and construction processes and the final physical performance of buildings.

Therefore, an overarching aim for this research has been to investigate the

potential reasons why a significant difference exists between the designed and

actual performance of the UK housing stock, in order to inform industry of the

consequences of inaccurate design stage assessments and the

underperformance of key construction and systems elements.

Detailed analysis of the SAP 2009 UK Government endorsed design-stage

energy assessment model was used to evaluate assumptions and calculations

embedded within the methodology, with additional consideration given to the

effect of inaccurate or incorrect data on the final data outputs. The

investigation of post-construction factors was facilitated through the use of in-
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situ practical tests, such as air pressure testing, coheating tests, heat flux

monitoring and thermal imaging.

There is little evidence of this type of work in published literature, in terms of

analysis that considers original SAP datasheets and interrogates the data inputs

through replacement with measured data. Through undertaking this process it

was possible, in some cases, to largely resolve the discrepancy observed in the

SAP and coheating test HLC value. This demonstrates the importance that

should be placed on updating theoretical models to reflect the properties of

materials and characteristics such as air tightness and thermal bridging that are

relevant to the final constructed dwelling.

During the course of the research project, the coheating test was applied to two

dwellings with an MVHR system in operation. This work is innovative, and has

shown that the assumptions made in the SAP model for the uplift of mechanical

ventilation against passive ventilation are relatively sound. The study extended

to the in-situ assessment of MVHR efficiency, which highlighted that the system

installed in the E.On House was underperforming as compared to manufacturer

data. This created a unique opportunity to work with the manufacturer to

improve the system, and resulted in changes to the design of the MVHR system

configuration that were then applied in the mainstream production of MVHR

units.

Through analysis of the data obtained from the coheating tests undertaken in

the two test dwellings, it became evident that environmental factors could be

affecting the resultant HLC values. Further analysis showed that wind may

affect the predicted data considerably, with an 8-30 W/K day to day reduction

noted when the generic SAP wind speeds were replaced with site-based data. In

some cases, this caused a reduction in HLC that was in the region of 15% of the

initial SAP data. This has therefore been shown to be a key parameter to

consider when attempting to reconcile design stage and post construction data.
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With regard to solar gains, a 25% reduction in HLC was observed on days when

high solar gains were recorded within the E.On House data. The results from the

thermal chamber showed that high levels of solar radiation caused a 10%– 26%

reduction in raw HLC values, depending on building construction type and

insulation levels. In all cases, the use of multiple regression and Siviour analysis

to correct for solar gains was found to be reliable and repeatable in terms of

normalisation of raw power data.

However, of potentially greater concern, is the effect that heat gains from solar

radiation can have on the HLC in terms of changing the physical properties of

building elements. Work undertaken in the thermal chamber showed that

thermal lag and the delayed dissipation of heat stored in brickwork and other

materials could impact upon the HLC recorded. In some constructions, a period

of up to 17 hours could be required for a structure to regulate to the levels of

temperature and heat flow present prior to the impact of solar gains.

This demonstrates that care needs to be taken when assessing in-situ HLC

values, as raw power inputs into a property could be reduced for a long period

of time in high solar conditions, resulting in artificially low calculated energy

demands. It also brings into question the robustness of the argument that the

use of night-time only data may be a simpler way to compensate for solar gains,

as such an approach could result in evaluation of a very constricted dataset

when high levels of solar radiation are present.

The generation of a risk quantification matrix demonstrated that thermal

bridging, both during design stage calculations and post-construction, can have

a significant effect on the predicted and measured HLC and eventual energy

costs to the householder. This is a key finding, as at the present time there is no

mechanism within the Building Regulations to assess this aspect of a dwelling

once constructed, and it is an area where errors can easily be made within the

SAP methodology. In addition, MVHR efficiency was found to be a key

influencing factor, largely due to the complexities of installing this type of
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technology in such a way that it achieves the optimum performance levels

specified by the manufacturer and included in the SAP methodology.

There are a number of recommendations for further work, in order to expand

on the research presented and to resolve the limitations of this study. These

include:

 Evaluation of the reliability and robustness of the coheating test

methodology and assessment of improvements that could be made to

the procedures and analysis associated with the current technique in

order to resolve limitations.

 Extension of the investigative approach utilised within this work to

consider a wider dataset, in order to understand the sensitivities of the

various parameters for different housing types. The evidence presented

here is based on two dwellings which may not be truly representative of

the UK housing stock.

 Undertaking further coheating tests on the Tarmac House property, as

at present the post construction HLC data relating to this property has

been generated from a single experiment;

 Undertaking long term coheating tests within a single dwelling to allow

data to be gathered for the same property in a wide range of weather

scenarios, and assessment of the effect on raw power inputs and

calculated HLC. A significant limitation regarding the post-construction

testing data relates to the short timeframes involved in several of the

experiments. Equipment failure and timescales imposed by the E.On

House retrofit project upgrade programme meant that, in some cases,

the testing period was a brief as 3 days. This could impact upon the

reliability of the data, particularly when the sensitivity of the test to

weather effects is considered;
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 Applying the use of in-situ u-value measurements and localised air

leakage measurements to gain a deeper understanding of the impact

that variance from the design-stage stated values could have on the

performance gap;

 Extending the scope of the work to consider space and water heating

systems and other integrated technology types such as photovoltaic

arrays. It would be valuable to assess the assumptions and embedded

default data integrated within the SAP methodology that are associated

with these aspects of the model, and compare them with the actual

function (energy input and outputs) of systems and the optimum levels

of performance specified by a manufacturer;

 Consideration of occupancy influence on the HLC would possibly

enhance the understanding of the impact that residents can have on

dwelling performance. It was not possible to evaluate this area within

this study, due to the E.On House being unoccupied for the duration of

the experimental period, and limited monitored data being available for

the Tarmac House. Even simply comparing the true energy usage with

predicted energy usage, though comparison of energy bills, recorded

data and SAP calculated values, could be a useful exercise in assessing

the overall performance of a dwelling,

 Utilisation of the thermal chamber to test a wider range of construction

types, such as internal insulation, cavity wall insulation and modern

methods of construction (lightweight structures), in order to assess the

way in which the building fabric is influenced by changes in the external

Wﾐ┗ｷヴﾗﾐﾏWﾐデく A ヴ;ﾐｪW ﾗa лT ;ﾐS ゲﾗﾉ;ヴ ｷﾐデWﾐゲｷデｷWゲ Iﾗ┌ﾉS HW ;ヮヮﾉｷWSが ;ゲ 

could different levels of wind speed, moisture/rainfall and humidity;
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 Analysis of the financial investment level and length of the

return/payback period of the work associated with retro-fit housing

improvements could be of benefit to the construction industry and

general public, as could further investigation into the implications of

contributors the performance gap on carbon emissions.

In conclusion, in order to meet the increasingly stringent design-stage energy

demand and carbon emissions levels associated with housing, it is essential that

the methodologies used to determine theoretical and measured performance

are robust and reliable. De Wita (2002) asserts that it is essential to be aware of

uncertainty in building performance at all stages of the process. It is also

important to routinely update building models with amended construction and

specification details, so that the predicted and actual HLC values can be

compared on an equal basis. Without a mandatory regulative requirement to

undertake such reviews, it is likely that the apparent performance gap between

designed and actual dwellings will persist as any comparison will continue to be

based on disparate terms.
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Appendix 1 � Baseline SAP Worksheet



Appendix 2 - SAP Worksheets for E.On and Tarmac House
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Appendix 3 - Excel Worksheets used for HLC Investigation



E.On House HLC Calculations Removing Natural Ventilation Infiltration - Coheating Test 23rd November 2010 - 2nd December 2011

Without MVHR
SAP Calc. 

Ref
23/11/2010 24/11/2010 25/11/2010 26/11/2010 27/11/2010 28/11/2010 Mean

Adjusted Infiltration Rate (21) 0.37 0.37 0.37 0.37 0.37 0.37 0.37

Wind Speed m/s (22) 1.462 1.207 2.977 0.447 2.870 0.541 1.58

Wind Factor (22a) 0.37 0.30 0.74 0.11 0.72 0.14 0.40

Effective Infiltration Rate (22b) 0.13 0.11 0.27 0.04 0.26 0.05 0.14

Fabric Heat Loss W/K (33) 158.23 158.23 158.23 158.23 158.23 158.23 158.23

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 192.62 192.62 192.62 192.62 192.62 192.62 192.62

Total Fabric Heat Loss (W/K)/m
2

1.79 1.79 1.79 1.79 1.79 1.79 1.79

Ventilation Heat Loss W/K (38) 11.67 9.63 23.76 3.57 22.90 4.32 12.64

Ventilation Heat Loss (W/K)/m
2

0.11 0.09 0.22 0.03 0.21 0.04 0.12

HTL (HLC) W/K (39) 206.07 204.04 218.17 197.97 217.31 198.72 205.26

HLP W/K m
2

(40) 1.91 1.89 2.02 1.84 2.02 1.84 1.92

With MVHR Measured Efficiency 81%
SAP Calc. 

Ref
30/11 AM 30/11 PM 01/12 AM 01/12 PM 02/12 AM 02/12 PM Mean

Adjusted Infiltration Rate (21) 0.37 0.37 0.37 0.37 0.37 0.37 0.37

Wind Speed m/s (22) 2.65 2.42 2.18 3.19 3.08 1.43 2.49

Wind Factor (22a) 0.66 0.60 0.55 0.80 0.77 0.36 0.62

Effective Infiltration Rate (22b) 0.24 0.22 0.20 0.29 0.28 0.13 0.23

MVHR Ventilation Rate (24a) 0.40 0.38 0.36 0.45 0.44 0.29 0.38

Fabric Heat Loss W/K (33) 158.23 158.23 158.23 158.23 158.23 158.23 158.23

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 192.62 192.62 192.62 192.62 192.62 192.62 192.62

Total Fabric Heat Loss (W/K)/m
2

1.79 1.79 1.79 1.79 1.79 1.79 1.79

Ventilation Heat Loss W/K (38) 34.74 32.89 31.00 39.02 38.17 24.97 33.46

Ventilation Heat Loss (W/K)/m
2

0.32 0.31 0.29 0.36 0.35 0.23 0.31

HTL (HLC) W/K (39) 229.15 227.29 225.40 233.43 232.57 219.37 226.08

HLP W/K m
2

(40) 2.13 2.11 2.09 2.17 2.16 2.03 2.11

With MVHR Optimum 90%
SAP Calc. 

Ref
30/11 AM 30/11 PM 01/12 AM 01/12 PM 02/12 AM 02/12 PM Mean

Adjusted Infiltration Rate (21) 0.37 0.37 0.37 0.37 0.37 0.37 0.37

Wind Speed m/s (22) 2.65 2.42 2.18 3.19 3.08 1.43 2.49

Wind Factor (22a) 0.66 0.60 0.55 0.80 0.77 0.36 0.62

Effective Infiltration Rate (22b) 0.24 0.22 0.20 0.29 0.28 0.13 0.23

MVHR Ventilation Rate (24a) 0.36 0.34 0.32 0.41 0.40 0.25 0.34

Fabric Heat Loss W/K (33) 158.23 158.23 158.23 158.23 158.23 158.23 158.23

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 192.62 192.62 192.62 192.62 192.62 192.62 192.62

Total Fabric Heat Loss (W/K)/m
2

1.79 1.79 1.79 1.79 1.79 1.79 1.79

Ventilation Heat Loss W/K (38) 31.34 29.49 27.59 35.62 34.77 21.56 30.06

Ventilation Heat Loss (W/K)/m
2

0.29 0.27 0.26 0.33 0.32 0.20 0.28

HTL (HLC) W/K (39) 225.75 223.89 222.00 230.03 229.17 215.97 222.68

HLP W/K m
2

(40) 2.09 2.08 2.06 2.13 2.13 2.00 2.08

HTL (HLC) W/K (39) 225.75 223.89 222.00 230.03 229.17 215.97 222.68

HLP W/K m2 (40) 2.09 2.08 2.06 2.13 2.13 2.00 2.08



E.On House HLC Calculations Removing Natural Ventilation Infiltration - Coheating Test 26th March 2011 - 31st March 2011

Without MVHR

SAP Calc. 

Ref 26/03/2011 27/03/2011 28/03/2011 Mean

Adjusted Infiltration Rate (21) 0.20 0.20 0.20 0.20

Wind Speed m/s (22) 2.503 1.064 0.465 1.34

Wind Factor (22a) 0.63 0.27 0.12 0.34

Effective Infiltration Rate (22b) 0.13 0.05 0.02 0.07

Fabric Heat Loss W/K (33) 132.77 132.77 132.77 132.77

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 167.16 167.16 167.16 167.16

Total Fabric Heat Loss (W/K)/m
2

1.55 1.55 1.55 1.55

Ventilation Heat Loss W/K (38) 11.00 4.67 2.04 5.91

Ventilation Heat Loss (W/K)/m
2

0.10 0.04 0.02 0.05

HTL (HLC) W/K (39) 179.71 173.39 170.75 173.07

HLP W/K m
2

(40) 1.67 1.61 1.58 1.62

With MVHR Measured Efficiency 76%
SAP Calc. 

Ref
29/03/2011 30/03/2011 31/03/2011 Mean

Adjusted Infiltration Rate (21) 0.20 0.20 0.20 0.20

Wind Speed m/s (22) 0.28 0.70 2.17 1.05

Wind Factor (22a) 0.07 0.18 0.54 0.26

Effective Infiltration Rate (22b) 0.01 0.04 0.11 0.05

MVHR Ventilation Rate (24a) 0.19 0.21 0.29 0.23

Fabric Heat Loss W/K (33) 132.77 132.77 132.77 132.77

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 167.16 167.16 167.16 167.16

Total Fabric Heat Loss (W/K)/m
2

1.55 1.55 1.55 1.55

Ventilation Heat Loss W/K (38) 16.68 18.52 24.97 20.06

Ventilation Heat Loss (W/K)/m
2

0.15 0.17 0.23 0.19

HTL (HLC) W/K (39) 185.39 187.23 193.68 187.22

HLP W/K m
2

(40) 1.72 1.74 1.80 1.75

With MVHR Optimum Efficiency 90%
SAP Calc. 

Ref
03/04/2011 04/04/2011 05/04/2011 Mean

Adjusted Infiltration Rate (21) 0.20 0.20 0.20 0.20

Wind Speed m/s (22) 0.69 1.67 2.19 1.52

Wind Factor (22a) 0.17 0.42 0.55 0.38

Effective Infiltration Rate (22b) 0.03 0.08 0.11 0.08

MVHR Ventilation Rate (24a) 0.15 0.20 0.23 0.19

Fabric Heat Loss W/K (33) 132.77 132.77 132.77 132.77

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 167.16 167.16 167.16 167.16

Total Fabric Heat Loss (W/K)/m
2

1.55 1.55 1.55 1.55

Ventilation Heat Loss W/K (38) 13.21 17.51 19.81 16.84

Ventilation Heat Loss (W/K)/m
2

0.12 0.16 0.18 0.16

HTL (HLC) W/K (39) 181.92 186.22 188.52 184.00

HLP W/K m
2

(40) 1.69 1.73 1.75 1.72



E.On House HLC Calculations Removing Natural Ventilation Infiltration - Coheating Test 22nd February 2011 - 27th February 2011

Without MVHR - 25°C лT
SAP Calc. 

Ref
16/02/2011 17/02/2011 18/02/2011 19/02/2011 20/02/2011 21/02/2011 Mean

Adjusted Infiltration Rate (21) 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Wind Speed m/s (22) 1.322 1.768 2.544 2.496 4.812 2.918 2.64

Wind Factor (22a) 0.33 0.44 0.64 0.62 1.20 0.73 0.66

Effective Infiltration Rate (22b) 0.07 0.09 0.13 0.13 0.24 0.15 0.13

Fabric Heat Loss W/K (33) 158.23 158.23 158.23 158.23 158.23 158.23 158.23

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 192.62 192.62 192.62 192.62 192.62 192.62 192.62

Total Fabric Heat Loss (W/K)/m
2

1.79 1.79 1.79 1.79 1.79 1.79 1.79

Ventilation Heat Loss W/K (38) 5.81 7.77 11.18 10.97 21.14 12.82 11.61

Ventilation Heat Loss (W/K)/m
2

0.05 0.07 0.10 0.10 0.20 0.12 0.11

HTL (HLC) W/K (39) 200.21 202.18 205.58 205.37 215.55 207.23 204.23

HLP W/K m
2

(40) 1.86 1.88 1.91 1.90 2.00 1.92 1.91

Without MVHR - 35°C лT
SAP Calc. 

Ref
22/02/2011 23/02/2011 24/02/2011 25/02/2011 26/02/2011 27/02/2011 Mean

Adjusted Infiltration Rate (21) 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Wind Speed m/s (22) 0.240 5.740 1.669 1.721 3.253 3.165 2.63

Wind Factor (22a) 0.06 1.43 0.42 0.43 0.81 0.79 0.66

Effective Infiltration Rate (22b) 0.01 0.29 0.08 0.09 0.16 0.16 0.13

Fabric Heat Loss W/K (33) 158.23 158.23 158.23 158.23 158.23 158.23 158.23

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 192.62 192.62 192.62 192.62 192.62 192.62 192.62

Total Fabric Heat Loss (W/K)/m
2

1.79 1.79 1.79 1.79 1.79 1.79 1.79

Ventilation Heat Loss W/K (38) 1.06 25.22 7.33 7.56 14.29 13.91 11.56

Ventilation Heat Loss (W/K)/m
2

0.01 0.23 0.07 0.07 0.13 0.13 0.11

HTL (HLC) W/K (39) 195.46 219.63 201.74 201.97 208.70 208.32 204.18

HLP W/K m
2

(40) 1.81 2.04 1.87 1.87 1.94 1.93 1.91

E.On House HLC Calculations Removing Natural Ventilation Infiltration - Coheating Test 23rd March 2012 - 5th April 2012

Without MVHR
SAP Calc. 

Ref
23/03/2012 24/03/2012 25/03/2012 26/03/2012 27/03/2012 28/03/2012 29/03/2012 30/03/2012 31/03/2012 01/04/2012 02/04/2012 03/04/2012 04/04/2012 05/04/2012 Mean

Adjusted Infiltration Rate (21) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Wind Speed m/s (22) 1.837 1.791 1.872 1.238 0.849 0.888 1.269 1.088 3.693 1.234 0.607 2.231 4.273 4.494 3.67

Wind Factor (22a) 0.46 0.45 0.47 0.31 0.21 0.22 0.32 0.27 0.92 0.31 0.15 0.56 1.07 1.12 0.92

Effective Infiltration Rate (22b) 0.09 0.09 0.09 0.06 0.04 0.04 0.06 0.05 0.19 0.06 0.03 0.11 0.22 0.23 0.18

Fabric Heat Loss W/K (33) 132.77 132.77 132.77 132.77 132.77 132.77 132.77 132.77 132.77 132.77 132.77 132.77 132.77 132.77 132.77

Thermal Bridges W/K (36) 34.39 34.39 34.39 34.39 34.39 34.39 34.39 34.39 34.39 34.39 34.39 34.39 34.39 34.39 34.39

Total Fabric Heat Loss W/K (37) 167.16 167.16 167.16 167.16 167.16 167.16 167.16 167.16 167.16 167.16 167.16 167.16 167.16 167.16 167.16

Total Fabric Heat Loss (W/K)/m
2

1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55

Ventilation Heat Loss W/K (38) 8.07 7.87 8.23 5.44 3.73 3.90 5.57 4.78 16.23 5.42 2.67 9.80 18.78 19.75 16.11

Ventilation Heat Loss (W/K)/m
2

0.07 0.07 0.08 0.05 0.03 0.04 0.05 0.04 0.15 0.05 0.02 0.09 0.17 0.18 0.15

HTL (HLC) W/K (39) 176.78 176.58 176.94 174.15 172.44 172.61 174.28 173.49 184.94 174.13 171.38 178.51 187.49 188.46 177.30

HLP W/K m
2

(40) 1.64 1.64 1.64 1.62 1.60 1.60 1.62 1.61 1.72 1.62 1.59 1.66 1.74 1.75 1.71



Tarmac House HLC Calculations Removing Natural Ventilation Infiltration - Coheating Test 9th December 2010 - 22nd December 2010

Without MVHR
SAP Calc. 

Ref
09/12/2010 10/12/2010 11/12/2010 12/12/2010 13/12/2010 14/12/2010 15/12/2010 Mean

Adjusted Infiltration Rate (21) 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09

Wind Speed m/s (22) 1.24 1.01 1.28 1.96 1.40 1.80 0.62 1.35

Wind Factor (22a) 0.31 0.25 0.32 0.49 0.35 0.45 0.15 0.34

Effective Infiltration Rate (22b) 0.03 0.02 0.03 0.04 0.03 0.04 0.01 0.03

Fabric Heat Loss W/K (33) 53.14 53.14 53.14 53.14 53.14 53.14 53.14 53.14

Thermal Bridges W/K (36) 14.90 14.90 14.90 14.90 14.90 14.90 14.90 14.90

Total Fabric Heat Loss W/K (37) 68.04 68.04 68.04 68.04 68.04 68.04 68.04 68.04

Total Fabric Heat Loss (W/K)/m
2

0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74

Ventilation Heat Loss W/K (38) 1.88 1.53 1.94 2.97 2.13 2.73 0.93 2.04

Ventilation Heat Loss (W/K)/m
2

0.02 0.02 0.02 0.03 0.02 0.03 0.01 0.02

HTL (HLC) W/K (39) 70.67 70.32 70.72 71.76 70.91 71.51 69.72 70.08

HLP W/K m
2

(40) 0.77 0.77 0.77 0.79 0.78 0.78 0.76 0.78

With MVHR 
SAP Calc. 

Ref
18/12/2010 19/12/2010 20/12/2010 21/12/2010 22/12/2010 Mean

Adjusted Infiltration Rate (21) 0.09 0.09 0.09 0.09 0.09 0.09

Wind Speed m/s (22) 2.46 1.49 1.11 1.08 3.02 1.83

Wind Factor (22a) 0.62 0.37 0.28 0.27 0.75 0.46

Effective Infiltration Rate (22b) 0.06 0.03 0.02 0.02 0.07 0.04

MVHR Ventilation Rate (24a) 0.17 0.15 0.14 0.14 0.19 0.16

Fabric Heat Loss W/K (33) 53.14 53.14 53.14 53.14 53.14 53.14

Thermal Bridges W/K (36) 14.90 14.90 14.90 14.90 14.90 14.90

Total Fabric Heat Loss W/K (37) 68.04 68.04 68.04 68.04 68.04 68.04

Total Fabric Heat Loss (W/K)/m
2

0.74 0.74 0.74 0.74 0.74 0.74

Ventilation Heat Loss W/K (38) 12.33 10.77 10.16 10.11 13.22 11.32

Ventilation Heat Loss (W/K)/m
2

0.13 0.12 0.11 0.11 0.14 0.12

HTL (HLC) W/K (39) 81.11 79.56 78.94 78.89 82.00 79.36



SAP Worksheet 

House : Engineer :

1. Overall dwelling dimensions Area Av Room Volume

height

m2 m = m3 SAP Calc Ref

Ground floor 1

First floor 2

Second floor 3

Third and others 4

Total floor area 5

Dwelling Volume 6

2. Ventilation Rate m3/hr

No of chimneys x 40 = 7

No of open flues x 20 = 8

No of intermittent fans or passive vents x 10 = 9

Number of flueless fires x 10 = 9a

ACH

infiltration due to above = 10

if pressurization test done then go to #

Addition infiltration from above 12

Percentage of doors and windows draught-stripped 16

Window infiltration 17

Infiltration rate 18

# Pressurisation test L50 = 19

Number of sides on which dwelling is sheltered

20

Shelter factor 21

Adjusted Infiltration Rate 22

Wind Factor

Effective Infiltration Rate

Calculate effective air change rate for the applicable case

If balanced whole house mechanical ventilation system 22a

If balanced with heat recovery Efficiency in % allowing for in-use factor 22b

a) If balanced mechanical ventilation with heat recovery (MVHR) 23

b) If balanced mechanical ventilation without heat recovery (MV) 23a

c) If whole house extract ventilation or positive input ventilation from outside 23b

d) If natural ventilation or whole house positive ventilation from loft 24

Effective air change rate Background Infiltration



3 Heat losses and Heat parameter

ELEMENT AREA U-value AU

m2 W/m2/K W/K

Doors (glazed) 26

Doors (solid) x0.9

Windows double glazed #1 27a

Windows double glazed #2 x0.9 27b

Rooflights x0.9 27c

Ground floor 1 28a

Ground Floor 2 28b

Upper Floor 31

Walls type 1 29a

Walls type 2 29b

Walls type 3 29c

Walls type 4

Roof type 1 30a

Roof type2 30b

other

Total Surface Area 32

Glazing Area

Glazing/Floor Area Ratio (%)

Fabric Heat Loss 33

Thermal Bridges 34

Total Fabric Heat Loss 35

Ventilation loss 36

Heat Loss Coefficient 37

Heat loss parameter HLP 38



Appendix 4 - Equipment Specifications



Appendix 5 - Coheating Test Summary Data



E.On House Coheating Test Data - November 2010 - No MVHR in Operation

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

23/11/10 22.61 21.75 22.18 4.69 17.49 23677 13103 22780 59560 2482 12249 7157 7078 26484 1104 3585 17.01 3856.41

24/11/10 22.25 21.43 21.84 1.71 20.13 26370 12866 22884 62120 2588 13840 8483 8983 31306 1304 3893 18.42 4186.48

25/11/10 22.06 21.31 21.69 0.32 21.37 28125 13991 23171 65287 2720 14747 9272 9666 33685 1404 4124 16.72 4390.45

26/11/10 22.32 21.40 21.86 -0.49 22.35 29434 13312 25964 68710 2863 15874 9768 10579 36221 1509 4372 13.13 4581.50

27/11/10 22.23 21.20 21.72 -1.56 23.28 30114 17070 28790 75974 3166 16521 9665 10214 36400 1517 4682 13.86 4903.26

28/11/10 21.96 21.90 21.93 -4.04 25.97 32662 19861 31537 84060 3503 18019 11026 11425 40470 1686 5189 15.50 5435.91

E.On House Coheating Test Data - November 2010 - MVHR in Operation

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

30/11/10 22.37 21.31 21.84 1.50 20.34 30933 18112 30178 79223 3301 17372 10784 10691 38847 1619 4920 18.0497685 4943.71

01/12/10 22.12 21.25 21.68 0.54 21.14 31778 18625 31238 81641 3402 14345 14564 10841 39750 1656 5058 31.8287037 5100.50

02/12/10 22.33 21.11 21.72 -0.10 21.82 33978 19892 32516 86386 3599 17841 11149 9607 38597 1608 5208 18.8310185 5232.80

E.On House Coheating Test Data - March 2011 - No MVHR in Operation

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

25/03/11 24.56 24.65 24.62 8.45 16.17 9788 6207 11861 27856 2321 7075 7208 2415 16698 1392 3713 109.23 3932.25

26/03/11 25.10 25.04 25.07 7.38 17.69 14309 10501 20819 45629 1901 11454 12340 4643 28437 1185 3086 29.26 3144.86

27/03/11 25.21 25.14 25.17 7.75 14.78 12784 9233 18705 40722 1697 10051 10604 3885 24540 1023 2719 68.94 2857.74

28/03/11 25.41 25.30 25.34 9.28 16.06 11495 4682 14936 31113 1296 9146 7392 2592 19130 797 2093 123.07 2340.67

E.On House Coheating Test Data - March 2011 - Unadjusted MVHR in Operation

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

29/03/11 25.27 25.30 25.28 11.08 14.20 5177 2883 7504 15564 1297 4440 5177 2269 11886 991 2288 48.09 2789.94

30/03/11 25.23 25.28 25.26 11.36 13.90 10234 6103 15465 31802 1325 8832 11020 4812 24664 1028 2353 41.74 2788.89

31/03/11 25.50 25.51 25.51 14.11 11.40 8153 4126 11366 23645 985 7356 7268 2917 17541 731 1716 101.85 2780.27

E.On House Coheating Test Data - March 2011 - Adjusted MVHR in Operation

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

01/04/11 25.45 25.69 25.57 16.01 9.56 3994 2731 5660 12385 1032 3674 4547 1529 9750 813 1845 54.05 2233.26

02/04/11 25.47 25.69 25.58 14.36 11.22 8173 4368 10540 23081 962 7265 7452 2601 17318 722 1683 84.76 2292.77

03/04/11 25.26 25.43 25.34 10.69 14.66 10395 5363 13331 29089 1212 8617 9238 3684 21539 897 2110 96.22 2801.40

04/04/11 25.02 25.25 25.14 9.47 15.67 10847 6921 15149 32917 1372 9288 12141 4842 26271 1095 2466 70.11 2970.33

05/04/11 25.16 25.44 25.30 13.67 11.64 8017 5907 12140 26064 1086 7223 9873 3511 20607 859 1945 48.60 2294.14

Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)

Temperature POWER & ENERGY

Mean internal Temp (°C) Zone 1 (Lower Floor) Zone 2 (Upper Floor)
TOTAL (W)

Temperature POWER & ENERGY

Mean internal Temp (°C) Zone 1 (Lower Floor) Zone 2 (Upper Floor)
TOTAL (W)

Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)

Temperature POWER & ENERGY

Mean internal Temp (°C) Zone 1 (Lower Floor) Zone 2 (Upper Floor)
TOTAL (W)

Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)

TOTAL (W)
Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)

Temperature POWER & ENERGY

Mean internal Temp (°C)

Total (W) Solar 

Corrected (multiple 

regression)

Mean Solar 

(W/m
2
)

TOTAL (W)

POWER & ENERGY

Zone 1 (Lower Floor) Zone 2 (Upper Floor)

Temperature

Mean internal Temp (°C) Zone 1 (Lower Floor) Zone 2 (Upper Floor)



E.On House Coheating Test Data - February 2011 - 25°C Internal Temperature

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

16/02/11 20.96 23.19 22.08 6.45 15.63 12922 9369 12112 34403 1433 13334 6239 9425 28998 1208 2641.71 32.24 2686.72

17/02/11 20.73 23.02 21.87 6.02 15.86 11747 10056 13190 34993 1458 13695 6474 9836 30005 1250 2708.25 29.42 2749.32

18/02/11 20.55 22.98 21.77 5.15 16.62 15927 10665 12088 38680 1612 14303 7108 10885 32296 1346 2957.33 12.08 2974.19

19/02/11 20.49 22.80 21.64 4.64 17.00 19595 11179 10339 41113 1713 15114 7711 12074 34899 1454 3167.17 12.88 3185.15

20/02/11 20.49 22.81 21.65 5.01 16.64 19807 11034 10369 41210 1717 14610 7615 11773 33998 1417 3133.67 13.91 3153.08

21/02/11 20.44 22.56 21.50 4.28 17.22 20055 11505 10750 42310 1763 15102 7869 12487 35458 1477 3240.33 15.03 3261.32

E.On House Coheating Test Data - February 2011 - 35°C Internal Temperature

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

24/02/11 29.50 32.84 31.17 11.16 20.02 17901 21976 23941 63818 2659 21156 12802 15931 49889 2079 4738 52.14 4774.71

25/02/11 29.69 32.89 31.29 11.42 19.87 17536 21713 22536 61785 2574 19888 14000 17676 51564 2149 4723 26.59 4741.71

26/02/11 29.66 32.87 31.30 9.08 22.22 18080 21322 22330 61732 2572 19919 13826 18376 52121 2172 4744 36.07 4769.41

27/02/11 29.34 32.51 30.92 5.84 25.09 21722 23330 24615 69667 2903 22340 15800 22219 60359 2515 5418 29.96 5438.97

E.On House Coheating Test Data - March/April 2012

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)
TOTAL (W)

Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)

23/03/12 25.45 26.07 25.76 10.38 15.07 14726 7917 15539 38182 1591 13503 5226 4650 23379 974 2565 75.44 3170.11

24/03/12 26.06 26.88 26.47 9.92 16.14 14805 7556 14960 37321 1555 13206 4882 4228 22316 930 2485 82.72 3148.32

25/03/12 26.22 27.13 26.67 9.47 16.75 13882 6051 12809 32742 1364 12586 3698 3384 19668 820 2294 121.57 3269.08

26/03/12 26.31 27.24 26.77 10.71 15.60 14407 5791 12620 32818 1367 12248 3165 2927 18340 764 2187 124.94 3188.95

27/03/12 26.40 27.36 26.88 11.96 14.45 13442 5028 11150 29620 1234 11222 2699 2505 16426 684 2054 121.50 3028.14

28/03/12 26.43 27.35 26.89 13.40 13.03 12552 4611 10515 27678 1153 10426 2380 2348 15154 631 1917 130.43 2963.47

31/03/12 26.03 26.54 26.28 6.66 19.37 14487 8962 14358 37807 1575 13116 6313 4547 23976 999 2574 45.09 2646.89

01/04/12 26.05 26.66 26.35 6.86 19.19 16285 8559 15334 40178 1674 14588 5679 4011 24278 1012 2673 121.19 2868.20

02/04/12 25.94 26.41 26.41 7.17 18.77 15589 10208 15903 41700 1738 13892 7240 4987 26119 1088 2749 60.37 2846.29

03/04/12 25.96 26.37 26.17 7.30 18.66 14965 10925 16195 42085 1754 13516 7860 5502 26878 1120 2765 69.59 2877.17

04/04/12 25.71 26.14 25.92 4.38 21.32 19413 14034 19728 53175 2216 18199 9986 6777 34962 1457 3672 46.87 3747.84

05/04/12 25.73 26.18 25.95 4.56 21.17 19603 13155 19484 52242 2177 18205 9211 6412 33828 1410 3265 78.78 3391.88

Tarmac House Coheating Test Data -December 2010 - No MVHR in Operation

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

09/12/10 23.28 22.14 22.71 1.52 21.19 4008 11113 10388 25509 1063 10580 7310 5700 23590 983 2046 12.84 2045.79

10/12/10 23.37 22.70 23.03 6.41 16.62 3820 9046 9064 21930 914 7999 9163 3646 20808 867 1781 9.19 1780.75

11/12/10 23.36 22.86 23.11 6.30 16.81 3332 8327 7786 19445 810 7259 7547 2781 17587 733 1543 12.7 1543.00

12/12/10 23.36 22.78 23.07 3.40 19.67 3278 8158 7548 18984 791 8345 8717 3280 20342 848 1639 13.34 1638.58

13/12/10 23.21 22.76 22.99 4.47 18.52 10345 8097 4938 23380 974 7925 8368 3045 19338 806 1780 12.62 1779.92

14/12/10 23.21 22.78 22.99 4.54 18.45 12208 7643 1763 21614 901 7614 7943 2770 18327 764 1664 3.63 1664.21

15/12/10 23.31 22.78 23.04 5.40 17.64 11542 7725 2569 21836 910 7586 7937 2800 18323 763 1673 12.22 1673.29

Zone 2 (Upper Floor)

Temperature POWER & ENERGY

Mean internal Temp (°C) Zone 1 (Lower Floor)

Mean internal Temp (°C) Zone 1 (Lower Floor) Zone 2 (Upper Floor)
TOTAL (W)

Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)

Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)

Temperature POWER & ENERGY

Temperature POWER & ENERGY

Mean internal Temp (°C) Zone 1 (Lower Floor) Zone 2 (Upper Floor)
TOTAL (W)

Mean internal Temp (°C) Zone 1 (Lower Floor) Zone 2 (Upper Floor)
TOTAL (W)

Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)

Temperature POWER & ENERGY



Tarmac House Coheating Test Data -December 2010 - MVHR in Operation

Date

Mean 

External 

Temp (°C)

Temperature 

Difference (K)

Lower Floor Upper Floor Combined Living (Wh) Dining (Wh) Kitc hen (Wh) Total (Wh) Total (W) B1 (Wh) B2 (Wh) B3 (Wh) Total (Wh) Total (W)

18/12/10 23.02 22.16 22.59 -2.04 24.63 13848 9179 7131 30158 1257 11412 15688 6032 33132 1381 2637 14.61 2679.57

19/12/10 23.03 22.15 22.59 -2.92 25.51 14480 9645 8215 32340 1348 11692 14881 5962 32535 1356 2703 42.22 2825.88

20/12/10 23.06 22.18 22.62 -4.52 27.14 15115 10503 9817 35435 1476 11869 15242 6037 33148 1381 2858 17.37 2908.13

21/12/10 23.05 22.21 22.63 -2.86 25.49 15154 10023 8801 33978 1416 12010 16276 6336 34622 1443 2858 11.53 2891.86

22/12/10 23.08 22.36 22.72 -0.49 23.21 14495 9004 6910 30409 1267 11190 15130 5826 32146 1339 2606 15.04 2650.19

Temperature POWER & ENERGY

Mean internal Temp (°C) Zone 1 (Lower Floor) Zone 2 (Upper Floor)
TOTAL (W)

Mean Solar 

(W/m
2
)

Total (W) Solar 

Corrected (multiple 

regression)



Appendix 6 - Heat Flux Test Summary Data
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10/03/2011 21.99 20.43 21.70 22.44 1.28 0.99 1.38 1.54 3.61 0.80 1.17 0.63 0.89 1.36

11/03/2011 21.76 20.46 21.76 22.54 -0.59 -1.60 -2.63 -0.67 0.39 -0.77 -0.30 -0.52 -0.12 -0.76

12/03/2011 21.62 20.41 21.69 22.52 -0.31 -0.23 -0.29 -0.38 0.48 -0.13 0.10 -0.14 0.50 -0.04

13/03/2011 21.66 20.45 21.70 22.55 -0.17 -0.06 -0.07 -0.20 0.97 -0.10 0.09 -0.46 0.29 0.03

14/03/2011 21.64 20.48 21.70 22.51 -1.02 -0.64 -0.58 -1.52 -2.48 -0.73 -0.98 -1.35 -0.48 -1.09

15/03/2011 20.93 20.26 21.57 22.41 -1.68 -1.85 -2.50 -1.80 -0.68 -3.15 -1.61 -2.15 -2.46 -1.99

16/03/2011 20.89 19.93 21.14 22.07 0.18 0.51 0.83 0.01 1.28 1.01 0.48 0.26 0.68 0.58

17/03/2011 20.90 19.96 21.18 22.03 -1.92 -1.63 -1.28 -2.33 -2.17 -1.08 -1.85 -1.87 -0.94 -1.67

18/03/2011 20.29 19.62 20.64 21.14 -1.43 -1.18 -1.17 -1.53 -0.82 -1.28 -1.21 -1.13 -1.01 -1.20

19/03/2011 19.61 19.04 19.98 20.37 -1.03 -0.80 -0.73 -1.05 -0.66 -0.84 -0.78 -0.87 -0.53 -0.81

20/03/2011 19.15 18.57 19.69 20.33 -1.63 -1.53 -1.46 -1.94 -1.71 -1.33 -1.50 -2.18 -1.63 -1.66

21/03/2011 18.98 18.32 19.50 20.27 -0.70 -0.56 -0.77 -0.87 0.23 -0.88 -0.62 -1.51 -1.45 -0.79

22/03/2011 19.07 18.30 19.48 20.30 -0.62 -0.58 -0.63 -0.75 -0.14 -0.57 -0.62 -1.52 -1.33 -0.75

23/03/2011 19.16 18.36 19.53 20.35 -1.08 -0.87 -0.69 -1.39 -1.16 -0.63 -1.32 -1.87 -1.48 -1.17

24/03/2011 19.17 18.34 19.37 19.99 -0.12 -0.03 -0.07 0.21 0.85 -0.28 0.05 -0.37 -0.65 -0.04

25/03/2011 19.24 18.29 19.17 19.61 0.54 0.37 0.32 0.67 0.60 0.29 0.71 0.27 0.12 0.43

26/03/2011 20.05 18.51 19.27 19.68 2.80 2.43 1.47 3.10 3.99 1.41 3.14 2.74 1.86 2.55

27/03/2011 20.64 18.87 19.56 19.77 2.57 2.54 2.94 2.64 2.77 3.03 3.09 3.30 3.90 2.98

28/03/2011 21.30 19.24 19.82 19.78 2.86 2.60 2.87 3.02 2.73 3.08 3.50 3.97 4.43 3.23

29/03/2011 21.86 19.61 20.10 19.91 3.16 2.89 3.07 3.53 3.31 3.23 3.95 4.49 4.73 3.59

30/03/2011 22.36 20.02 20.43 20.19 2.83 2.50 2.55 3.07 2.94 2.82 3.56 4.13 4.33 3.19

31/03/2011 22.89 20.55 20.87 20.80 3.27 2.89 2.80 4.14 4.59 3.18 4.30 4.40 4.33 3.77

01/04/2011 23.30 21.08 21.62 21.87 2.37 2.34 2.25 2.71 1.95 2.55 3.08 3.30 3.46 2.67

02/04/2011 23.93 21.74 22.66 23.18 0.39 0.43 0.14 0.54 0.33 0.71 0.97 0.67 1.07 0.58

03/04/2011 23.84 22.11 23.17 23.70 -0.77 -0.70 -0.43 -0.48 -0.67 -0.10 -0.30 -0.43 0.27 -0.40

04/04/2011 23.56 22.17 23.04 23.49 0.07 0.10 0.17 0.38 0.14 0.24 0.47 0.22 0.85 0.30

05/04/2011 23.82 22.12 22.94 23.34 2.54 2.48 2.33 2.99 4.36 2.76 3.22 3.04 3.05 2.97

06/04/2011 24.52 22.45 23.33 23.71 2.54 2.31 2.32 2.70 1.96 2.75 2.85 2.96 3.41 2.65

07/04/2011 24.83 22.78 23.80 24.07 0.15 0.13 0.30 0.42 0.09 0.54 0.84 0.81 1.33 0.51
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08/04/2011 24.51 22.80 23.77 23.92 -0.04 -0.03 0.11 0.43 0.24 0.24 0.86 0.83 1.29 0.44

09/04/2011 23.88 22.52 23.34 23.42 -0.56 -0.41 -0.24 -0.40 -0.23 -0.10 -0.10 0.12 0.29 -0.18

10/04/2011 22.74 21.93 22.68 22.74 -1.85 -1.84 -1.73 -1.81 -1.88 -1.99 -1.72 -1.69 -1.57 -1.79

11/04/2011 22.62 21.26 22.03 22.15 2.21 1.93 2.18 2.48 2.90 2.42 2.49 2.49 2.20 2.37

12/04/2011 23.10 21.20 22.18 22.30 2.57 2.05 2.29 2.82 2.73 2.47 2.98 2.82 3.03 2.64

13/04/2011 23.70 21.51 22.41 22.47 2.94 2.26 2.66 3.24 2.97 2.89 3.65 3.50 3.92 3.11

14/04/2011 24.27 22.05 22.86 22.98 2.08 1.81 2.35 2.45 2.50 2.46 3.04 2.99 3.61 2.59

15/04/2011 24.54 22.35 23.18 23.21 1.35 1.21 1.60 1.57 1.38 1.70 2.05 2.24 2.62 1.75

16/04/2011 24.24 22.57 23.33 23.40 -1.29 -1.12 -0.63 -1.24 -1.60 -0.61 -0.77 -0.61 -0.04 -0.88

17/04/2011 23.41 22.19 22.92 22.97 -1.16 -1.03 -0.72 -0.95 -1.07 -0.66 -0.67 -0.52 -0.44 -0.80

18/04/2011 22.69 21.69 22.38 22.49 -1.04 -0.91 -0.69 -0.91 -0.88 -0.57 -0.73 -0.65 -0.69 -0.79

19/04/2011 22.04 21.17 21.88 22.08 -1.01 -0.87 -0.72 -0.92 -0.84 -0.68 -0.83 -0.83 -0.96 -0.85

20/04/2011 21.55 20.72 21.44 21.74 -0.80 -0.67 -0.53 -0.73 -0.58 -0.48 -0.65 -0.73 -0.83 -0.67

21/04/2011 21.26 20.40 21.16 21.55 -0.58 -0.43 -0.33 -0.53 -0.30 -0.27 -0.45 -0.60 -0.74 -0.47

22/04/2011 21.21 20.25 21.11 21.65 -0.32 -0.19 -0.05 -0.25 -0.03 0.05 -0.24 -0.52 -0.66 -0.25

23/04/2011 21.32 20.30 21.23 21.90 -0.40 -0.25 -0.04 -0.36 -0.13 0.04 -0.35 -0.66 -0.78 -0.32

24/04/2011 21.49 20.43 21.38 22.03 -0.37 -0.16 -0.01 -0.33 -0.09 0.08 -0.36 -0.58 -0.79 -0.29

25/04/2011 21.56 20.51 21.38 21.87 -0.19 -0.01 0.06 -0.12 0.00 0.07 -0.19 -0.36 -0.55 -0.14

26/04/2011 21.56 20.47 21.22 21.47 0.25 0.33 0.40 0.33 0.45 0.42 0.39 0.30 0.01 0.32

27/04/2011 21.49 20.33 20.93 20.92 0.58 0.49 0.60 0.63 0.65 0.61 0.71 0.80 0.65 0.64

28/04/2011 21.38 20.13 20.62 20.46 0.79 0.67 0.77 0.81 0.84 0.79 1.02 1.21 1.07 0.88

29/04/2011 21.29 19.95 20.40 20.21 0.84 0.68 0.80 0.87 0.89 0.85 1.08 1.32 1.13 0.94

30/04/2011 21.22 19.91 20.43 20.52 0.57 0.55 0.70 0.57 0.68 0.74 0.82 0.84 0.77 0.69

01/05/2011 21.21 19.96 20.64 20.98 0.20 0.27 0.46 0.20 0.32 0.46 0.39 0.30 0.33 0.32

02/05/2011 21.23 19.98 20.73 21.11 0.34 0.33 0.51 0.37 0.53 0.55 0.58 0.45 0.41 0.45

03/05/2011 21.27 20.01 20.81 21.25 0.07 0.10 0.26 0.13 0.17 0.32 0.25 0.03 0.16 0.17

04/05/2011 21.31 20.05 20.87 21.28 0.04 0.08 0.22 0.08 0.18 0.29 0.22 0.12 0.21 0.16

05/05/2011 21.30 20.07 20.88 21.27 -0.17 -0.19 -0.01 -0.16 -0.08 0.16 0.08 -0.02 0.01 -0.04

06/05/2011 21.27 20.10 20.92 21.39 -0.31 -0.27 -0.07 -0.27 -0.19 0.04 -0.12 -0.31 -0.28 -0.20
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07/05/2011 21.37 20.16 21.03 21.58 -0.29 -0.26 -0.03 -0.26 -0.12 0.16 -0.16 -0.35 -0.49 -0.20

08/05/2011 21.55 20.32 21.26 21.87 -0.39 -0.26 -0.01 -0.31 -0.14 0.19 -0.34 -0.54 -0.50 -0.26

09/05/2011 21.62 20.47 21.40 22.00 -0.31 -0.23 -0.07 -0.18 -0.08 0.08 -0.13 -0.38 -0.40 -0.19

10/05/2011 21.66 20.55 21.48 22.07 -0.45 -0.34 -0.18 -0.34 -0.07 0.06 -0.22 -0.48 -0.49 -0.28

11/05/2011 21.68 20.62 21.55 22.15 -0.54 -0.44 -0.30 -0.44 -0.12 0.10 -0.33 -0.69 -0.71 -0.38

12/05/2011 21.66 20.65 21.59 22.16 -0.51 -0.42 -0.31 -0.53 -0.46 -0.02 -0.31 -0.64 -0.70 -0.43

13/05/2011 21.64 20.70 21.66 22.23 -0.53 -0.47 -0.30 -0.45 -0.36 0.02 -0.29 -0.67 -0.62 -0.41

14/05/2011 21.57 20.64 21.55 22.01 -0.41 -0.42 -0.33 -0.23 -0.04 -0.06 -0.12 -0.49 -0.41 -0.28

15/05/2011 21.46 20.51 21.38 21.76 -0.45 -0.46 -0.31 -0.51 -0.60 0.01 -0.20 -0.39 -0.31 -0.36

16/05/2011 21.38 20.42 21.31 21.83 -0.59 -0.56 -0.36 -0.56 -0.52 0.00 -0.38 -0.61 -0.49 -0.45

17/05/2011 21.33 20.41 21.34 21.95 -0.71 -0.27 -0.44 -0.69 -0.57 -0.27 -0.54 -0.83 -0.91 -0.58
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10/03/2011 24.68 20.43 21.70 22.44 1.72 1.84 1.08 1.50 1.40 2.16 1.53 1.58 1.10 1.55

11/03/2011 23.86 20.46 21.76 22.54 0.77 0.91 0.43 0.53 0.43 1.51 0.54 0.62 0.53 0.70

12/03/2011 24.05 20.41 21.69 22.52 0.88 0.94 0.42 0.63 0.36 1.50 0.67 0.69 0.64 0.75

13/03/2011 24.12 20.45 21.70 22.55 0.69 0.84 0.28 0.54 0.49 2.25 0.50 0.78 0.71 0.79

14/03/2011 23.60 20.48 21.70 22.51 0.61 0.63 0.24 0.51 0.23 1.01 0.49 0.60 0.35 0.52

15/03/2011 23.80 20.26 21.57 22.41 0.67 0.85 0.52 0.51 0.58 1.52 0.60 0.76 0.68 0.74

16/03/2011 24.04 19.93 21.14 22.07 1.14 1.28 0.76 0.97 1.10 2.07 0.87 1.24 1.04 1.16

17/03/2011 21.64 19.96 21.18 22.03 -1.98 -1.85 -1.53 -2.51 -2.39 -1.16 -2.53 -2.23 -1.43 -1.96

18/03/2011 19.74 19.62 20.64 21.14 -0.66 -0.66 -0.93 -0.87 -1.13 -0.71 -1.13 -1.14 -0.85 -0.90

19/03/2011 21.45 19.04 19.98 20.37 3.67 3.82 3.03 4.21 3.64 4.32 3.55 3.66 3.20 3.68

20/03/2011 22.45 18.57 19.69 20.33 1.30 1.38 1.53 1.20 0.95 1.93 1.09 1.22 1.32 1.32

21/03/2011 21.81 18.32 19.50 20.27 0.73 0.68 0.71 0.59 0.23 0.95 0.56 0.41 0.33 0.58

22/03/2011 22.48 18.30 19.48 20.30 1.60 1.60 1.75 1.67 1.28 2.62 1.49 1.54 1.34 1.65

23/03/2011 20.98 18.36 19.53 20.35 -1.00 -1.10 -0.34 -1.25 -1.49 -0.70 -1.15 -1.26 -0.88 -1.02

24/03/2011 19.53 18.34 19.37 19.99 -0.92 -1.04 -0.61 -1.08 -1.30 -0.73 -1.03 -1.16 -1.06 -0.99

25/03/2011 18.92 18.29 19.17 19.61 -0.92 -0.96 -0.74 -1.02 -1.16 -0.66 -0.95 -1.03 -1.05 -0.94

26/03/2011 17.92 18.51 19.27 19.68 -2.20 -2.17 -1.91 -2.36 -2.31 -1.77 -2.07 -2.15 -1.84 -2.09

27/03/2011 16.72 18.87 19.56 19.77 -2.87 -2.83 -2.49 -3.02 -2.88 -2.30 -2.68 -2.78 -2.23 -2.68

28/03/2011 16.23 19.24 19.82 19.78 -2.42 -2.36 -2.46 -2.59 -2.44 -1.92 -2.27 -2.41 -2.12 -2.33

29/03/2011 16.22 19.61 20.10 19.91 -2.33 -2.25 -2.54 -2.54 -2.21 -1.72 -2.18 -2.26 -1.94 -2.22

30/03/2011 16.87 20.02 20.43 20.19 -1.17 -1.02 -1.53 -1.04 -0.85 -0.66 -0.66 -0.84 -0.15 -0.88

31/03/2011 18.51 20.55 20.87 20.80 0.53 0.66 0.23 1.03 1.28 1.17 1.51 1.25 1.82 1.05

01/04/2011 20.71 21.08 21.62 21.87 3.79 3.90 3.73 4.78 4.51 4.53 4.99 4.28 6.86 4.59

02/04/2011 22.16 21.74 22.66 23.18 1.71 1.78 2.39 1.98 1.97 2.69 2.04 1.81 3.94 2.26

03/04/2011 21.89 22.11 23.17 23.70 -0.34 -0.30 0.22 -0.61 -0.48 0.50 -0.64 -0.79 -0.70 -0.35

04/04/2011 21.35 22.17 23.04 23.49 0.17 0.19 0.96 0.20 0.14 0.36 -0.10 -0.23 0.20 0.21

05/04/2011 21.38 22.12 22.94 23.34 -1.38 -1.10 -0.39 -1.48 -1.37 -0.94 -1.22 -1.32 -1.02 -1.14

06/04/2011 21.53 22.45 23.33 23.71 -1.58 -1.42 -0.88 -1.77 -1.54 -0.91 -1.56 -1.45 -1.10 -1.36
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07/04/2011 21.35 22.78 23.80 24.07 -1.14 -1.06 -1.85 -1.14 -1.03 -0.68 -0.86 -0.51 -0.31 -0.95

08/04/2011 21.38 22.80 23.77 23.92 -0.87 -0.89 -1.14 -0.98 -0.92 -0.46 -0.78 -0.80 -0.12 -0.77

09/04/2011 21.94 22.52 23.34 23.42 -0.65 -0.55 -0.26 -0.71 -0.60 0.02 -0.54 -0.60 0.04 -0.43

10/04/2011 21.32 21.93 22.68 22.74 -1.11 -1.27 -1.03 -1.09 -1.10 -0.59 -1.05 -1.19 -0.72 -1.02

11/04/2011 21.40 21.26 22.03 22.15 0.31 0.23 0.35 0.44 0.48 0.63 0.50 0.50 0.88 0.48

12/04/2011 20.42 21.20 22.18 22.30 -1.75 -2.09 -1.65 -1.97 -1.93 -1.54 -1.76 -1.92 -1.41 -1.78

13/04/2011 20.14 21.51 22.41 22.47 0.51 0.22 0.29 0.55 0.37 0.49 0.54 0.41 0.78 0.46

14/04/2011 20.51 22.05 22.86 22.98 -1.35 -1.62 -1.17 -1.70 -1.63 -1.36 -1.52 -1.76 -1.09 -1.47

15/04/2011 20.95 22.35 23.18 23.21 -0.34 -0.32 -0.22 -0.35 -0.30 0.13 -0.35 -0.33 0.20 -0.21

16/04/2011 21.41 22.57 23.33 23.40 -1.26 -1.36 -1.24 -1.44 -1.30 -1.01 -1.11 -0.80 -0.39 -1.10

17/04/2011 21.52 22.19 22.92 22.97 -0.72 -0.80 -0.37 -0.79 -0.65 -0.56 -0.70 -0.62 -0.11 -0.59

18/04/2011 21.61 21.69 22.38 22.49 0.01 -0.11 1.21 0.10 0.14 0.34 0.00 -0.12 0.60 0.24

19/04/2011 21.57 21.17 21.88 22.08 -0.20 -0.43 0.65 -0.12 -0.03 0.23 -0.14 0.10 0.47 0.06

20/04/2011 21.71 20.72 21.44 21.74 0.64 0.48 0.73 0.80 0.75 0.88 0.77 0.74 1.00 0.75

21/04/2011 21.72 20.40 21.16 21.55 0.87 0.78 0.63 1.04 1.00 1.07 1.07 0.97 1.14 0.95

22/04/2011 23.04 20.25 21.11 21.65 1.97 1.89 1.62 2.15 2.09 2.11 1.95 1.94 2.15 1.99

23/04/2011 23.22 20.30 21.23 21.90 1.07 0.92 1.18 1.12 0.99 1.33 0.98 1.06 1.56 1.13

24/04/2011 22.45 20.43 21.38 22.03 -0.71 -0.99 -0.42 -0.82 -0.86 -0.45 -0.96 -0.88 0.10 -0.67

25/04/2011 21.24 20.51 21.38 21.87 -0.65 -1.05 -0.73 -0.60 -0.73 -0.50 -0.72 -0.80 -0.12 -0.65

26/04/2011 19.56 20.47 21.22 21.47 -2.12 -2.31 -2.00 -2.23 -2.14 -1.89 -2.05 -2.14 -1.31 -2.02

27/04/2011 18.40 20.33 20.93 20.92 -1.68 -2.01 -2.03 -1.67 -1.67 -1.62 -1.55 -1.82 -1.14 -1.69

28/04/2011 17.74 20.13 20.62 20.46 -1.70 -1.91 -2.02 -1.70 -1.62 -1.56 -1.52 -1.74 -1.15 -1.66

29/04/2011 18.05 19.95 20.40 20.21 -0.58 -0.73 -1.22 -0.50 -0.44 -0.58 -0.21 -0.38 -0.19 -0.54

30/04/2011 21.49 19.91 20.43 20.52 2.25 2.20 1.00 2.58 2.58 2.40 2.69 2.64 2.36 2.30

01/05/2011 21.55 19.96 20.64 20.98 0.87 0.89 0.69 0.94 1.07 1.46 1.06 1.58 2.00 1.17

02/05/2011 20.88 19.98 20.73 21.11 0.72 0.63 0.39 0.79 0.84 1.00 0.68 0.79 1.25 0.79

03/05/2011 21.64 20.01 20.81 21.25 1.16 1.10 0.79 1.27 1.25 1.37 1.39 1.60 2.89 1.43

04/05/2011 20.60 20.05 20.87 21.28 -0.21 -0.29 -0.07 -0.28 -0.20 0.12 -0.37 -0.43 0.29 -0.16
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05/05/2011 21.07 20.07 20.88 21.27 0.48 0.38 0.39 0.46 0.45 0.63 0.71 0.77 1.21 0.61

06/05/2011 21.75 20.10 20.92 21.39 0.85 0.78 0.70 0.80 0.71 0.94 0.94 1.03 1.66 0.93

07/05/2011 22.56 20.16 21.03 21.58 0.80 0.71 0.74 0.82 0.70 0.99 0.83 0.98 1.58 0.91

08/05/2011 22.65 20.32 21.26 21.87 0.32 0.24 0.36 0.38 0.26 0.44 0.39 0.56 1.19 0.46

09/05/2011 22.52 20.47 21.40 22.00 0.88 0.80 0.58 0.99 0.93 0.98 0.95 1.01 1.44 0.95

10/05/2011 22.69 20.55 21.48 22.07 1.25 1.17 1.10 1.34 1.19 1.30 1.42 1.56 2.10 1.38

11/05/2011 22.64 20.62 21.55 22.15 0.80 0.83 1.13 0.73 0.59 0.81 0.61 0.57 1.31 0.82

12/05/2011 22.38 20.65 21.59 22.16 1.06 0.97 1.21 1.13 0.84 0.92 1.37 1.41 1.80 1.19

13/05/2011 22.34 20.70 21.66 22.23 0.33 0.25 0.99 0.20 0.04 0.26 0.18 0.23 1.15 0.40

14/05/2011 21.24 20.64 21.55 22.01 -0.26 -0.51 0.60 -0.33 -0.54 -0.41 -0.23 -0.33 0.24 -0.20

15/05/2011 21.43 20.51 21.38 21.76 0.32 0.07 1.27 0.22 0.13 0.20 0.31 0.08 0.60 0.35

16/05/2011 22.65 20.42 21.31 21.83 1.40 1.32 1.93 1.36 1.20 1.18 1.62 1.58 1.86 1.50

17/05/2011 22.97 20.41 21.34 21.95 0.83 0.77 1.52 0.68 0.59 0.93 0.53 0.37 1.05 0.81



Appendix 7 - SAP 2005 Sensitivity Analysis Worksheet
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A B C D E F G H I J K L M N O P Q R S T U V W X Y Z AA AB

1 2 5 6 10 12 19 21 22 22a 22b 25 33 35 36 37 38 39 40 42 45 46 47 48 51

SAP Cell 

Ref
Parameter Scenario

Ground 

Floor 

Volume

First Floor 

Volume

Total Floor 

Area

Dwelling 

Volume

Infiltration 

Due to 

Chimneys etc

Additional 

Infiltration

Infiltration 

Rate

Shelter 

Factor

Adjusted 

Infiltration 

Rate

Air 

Throughpu

t

Heat Recovery 

Efficiency in Use

Effective Air 

Change 

Rate

Fabric 

Heat Loss

Total 

Fabric 

Heat Loss

Ventilation 

Heat Loss

Heat Loss 

Coefficient

Heat Loss 

Parameter

Energy 

Content of 

Water

Distribution 

Loss

Energy Lost 

from Water 

Storage

Energy Lost 

from Water 

Storage

Energy Lost 

from Water 

Storage

Energy Lost 

Adjusted for 

Solar Storage

Primary 

Circuit Loss

Output from 

Water Heater

OFFICIAL SAP WORKSHEET VALUES 43.94 101.06 106.77 87.88 207.88 0.00 0.00 0.15 0.93 0.14 0.36 75.65 0.22 55.32 62.38 15.43 77.81 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.29

SAPPER 8 BASE CASE 43.94 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

1a Ground Floor Area 43.94 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

n/a Ground Floor Height 2.3 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

2a First Floor Area 43.94 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

n/a First Floor Height 2.43 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

7 Number of chimneys 0 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

8 Number of open flues 0 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

9 Number of intermittent fans/vents 0 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

9a Number of flueless gas fires 0 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

11 Number of Storeys in Dwelling 2 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

n/a % Energy Saving Lightbulbs 100% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 90% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 80% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 70% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 60% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 50% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 40% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 30% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 20% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 10% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Energy Saving Lightbulbs 1% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

n/a Orientation N 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Orientation NE 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Orientation E 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Orientation SE 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Orientation S 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Orientation SW 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Orientation W 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Orientation NW 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

13 Structural Infiltration Masonry 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Structural Infiltration Steel or Timber Frame

14 Suspended Wooden Floors n/a 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Suspended Wooden Floors sealed

Suspended Wooden Floors unsealed

15 Draught Lobby Present? Yes 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Draught Lobby Present? No

16 % Windows/Doors Draughtproofed 100 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

% Windows/Doors Draughtproofed 75

% Windows/Doors Draughtproofed 50

% Windows/Doors Draughtproofed 25

% Windows/Doors Draughtproofed 0

19 Q50 3 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Q50 2.95 As Built 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.22 55.31 62.38 15.42 77.79 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Q50 1.97 2011 101.06 106.77 87.88 207.84 0.00 0.00 0.10 0.93 0.09 0.41 75.70 0.19 55.31 62.38 13.06 75.44 0.86 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

20 No.Sides on Which Sheltered 1 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

22 Ventilation Type Balanced whole house ventilation with heat recovery 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Natural with passive/intermittent vents 0 vent & positive input from loft 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.00 0.00 0.51 55.31 62.38 34.95 97.33 1.11 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Natural with passive/intermittent vents 1 vent & positive input from loft 101.06 106.77 87.88 207.84 0.50 0.00 0.20 0.93 0.18 0.00 0.00 0.52 55.31 62.38 35.44 97.82 1.11 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Natural with passive/intermittent vents 2 vent & positive input from loft 101.06 106.77 87.88 207.84 0.10 0.00 0.25 0.93 0.23 0.00 0.00 0.53 55.31 62.38 36.07 98.45 1.12 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Natural with passive/intermittent vents 3 vent & positive input from loft 101.06 106.77 87.88 207.84 0.14 0.00 0.29 0.93 0.27 0.00 0.00 0.54 55.31 62.38 36.84 99.21 1.13 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Natural with passive/intermittent vents 4 vent & positive input from loft 101.06 106.77 87.88 207.84 0.19 0.00 0.34 0.93 0.32 0.00 0.00 0.55 55.31 62.38 37.73 100.11 1.14 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Positive input ventilation from outside 0/1/2 vent 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.50 0.00 0.50 55.31 62.38 34.29 98.67 1.10 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Positive input ventilation from outside 3 vent 101.06 106.77 87.88 207.84 0.14 0.00 0.29 0.93 0.27 0.22 0.00 0.52 55.31 62.38 35.82 98.20 1.12 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Positive input ventilation from outside 4 vent 101.06 106.77 87.88 207.84 19.00 0.00 0.34 0.93 0.32 0.57 0.00 0.57 55.31 62.38 38.87 101.25 1.15 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Whole house centralised mechanical extract ventilation 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.50 0.00 0.50 55.31 62.38 34.29 98.67 1.10 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Whole house decentralised mechanical extract ventilation 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.39 0.00 0.39 55.31 62.38 26.66 89.04 1.01 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ventilation Type Balanced whole house ventilation no heat recovery 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.50 0.00 0.50 55.31 62.38 34.29 96.67 1.10 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

n/a Ducting Type Flexible ducting (in use factor 1.7) insulated (in use factor 0.85) 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ducting Type Flexible ducting (in use factor 1.7) uninsulated (in use factor 0.70) 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 62.30 0.27 55.31 62.38 18.86 81.23 0.92 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ducting Type Rigid ducting (in use factor 1.4)  insulated (in use factor 0.85) 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Ducting Type Rigid ducting (in use factor 1.4)  uninsulated (in use factor 0.70) 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 62.30 0.27 55.31 62.38 18.86 81.23 0.92 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

n/a Heat Recovery Efficiency of System 89% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Heat Recovery Efficiency of System 85% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 72.30 0.24 55.31 62.38 16.38 78.76 0.90 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Heat Recovery Efficiency of System 80% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 68.00 0.25 55.31 62.38 17.44 79.82 0.91 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Heat Recovery Efficiency of System 75% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 63.80 0.27 55.31 62.38 18.49 80.86 0.92 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Heat Recovery Efficiency of System 70% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 59.50 0.29 55.31 62.38 19.55 81.93 0.93 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Heat Recovery Efficiency of System 65% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 55.30 0.30 55.31 62.38 20.59 82.97 0.94 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Heat Recovery Efficiency of System 60% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 51.00 0.32 55.31 62.38 21.66 84.03 0.96 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Heat Recovery Efficiency of System 55% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 46.80 0.33 55.31 62.38 22.70 85.07 0.97 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Heat Recovery Efficiency of System 50% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 42.50 0.35 55.31 62.38 23.76 86.14 0.98 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

n/a Specific Fan Power 0.63 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Specific Fan Power 0.50 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Specific Fan Power 1.00 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Specific Fan Power 1.50 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Specific Fan Power 2.00 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Specific Fan Power 2.50 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

26-30 U Values Base Case   101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +1% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.87 62.93 15.54 78.47 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +2% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 56.41 63.48 15.54 79.01 0.90 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +5% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 58.01 65.07 15.54 80.61 0.92 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +8% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 59.25 66.42 15.54 82.16 0.93 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +10% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 60.67 67.73 15.54 83.27 0.95 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +15% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 63.32 70.35 15.54 85.92 0.98 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +20% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 65.96 73.03 15.54 88.56 1.01 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +21% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 66.49 73.55 15.54 89.09 1.01 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +22% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 67.01 74.08 15.54 89.62 1.02 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +23% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 67.54 74.61 15.54 90.15 1.03 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +24% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 68.08 75.13 15.54 90.67 1.03 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +25% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 68.90 75.66 15.54 91.20 1.04 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +30% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 71.22 78.29 15.54 93.82 1.07 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +40% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 76.45 83.51 15.54 99.05 1.13 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +45% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 79.05 86.11 15.54 101.65 1.16 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

U Values +50% 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 81.64 88.71 15.54 104.24 1.19 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

34 Thermal Bridges 7.07 (y=0.04) 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 62.38 15.54 77.91 0.89 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Thermal Bridges Default 26.5 (y=0.15) 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 81.81 15.54 97.34 1.11 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Thermal Bridges User Input 17.67(y=0.10) 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 72.91 15.54 88.51 1.01 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12

Thermal Bridges User Input 35.33 (y=0.2) 101.06 106.77 87.88 207.84 0.00 0.00 0.15 0.93 0.14 0.36 75.70 0.23 55.31 90.64 15.54 106.18 1.21 1948.78 343.90 0.00 702.04 702.04 526.53 360.00 2243.12
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A B C

SAP Cell 

Ref
Parameter Scenario

OFFICIAL SAP WORKSHEET VALUES 43.94

SAPPER 8 BASE CASE 43.94

1a Ground Floor Area 43.94

n/a Ground Floor Height 2.3

2a First Floor Area 43.94

n/a First Floor Height 2.43

7 Number of chimneys 0

8 Number of open flues 0

9 Number of intermittent fans/vents 0

9a Number of flueless gas fires 0

11 Number of Storeys in Dwelling 2

n/a % Energy Saving Lightbulbs 100%

% Energy Saving Lightbulbs 90%

% Energy Saving Lightbulbs 80%

% Energy Saving Lightbulbs 70%

% Energy Saving Lightbulbs 60%

% Energy Saving Lightbulbs 50%

% Energy Saving Lightbulbs 40%

% Energy Saving Lightbulbs 30%

% Energy Saving Lightbulbs 20%

% Energy Saving Lightbulbs 10%

% Energy Saving Lightbulbs 1%

n/a Orientation N

Orientation NE

Orientation E

Orientation SE

Orientation S

Orientation SW

Orientation W

Orientation NW

13 Structural Infiltration Masonry

Structural Infiltration Steel or Timber Frame

14 Suspended Wooden Floors n/a

Suspended Wooden Floors sealed

Suspended Wooden Floors unsealed

15 Draught Lobby Present? Yes

Draught Lobby Present? No

16 % Windows/Doors Draughtproofed 100

% Windows/Doors Draughtproofed 75

% Windows/Doors Draughtproofed 50

% Windows/Doors Draughtproofed 25

% Windows/Doors Draughtproofed 0

19 Q50 3

Q50 2.95 As Built

Q50 1.97 2011

20 No.Sides on Which Sheltered 1

22 Ventilation Type Balanced whole house ventilation with heat recovery

Ventilation Type Natural with passive/intermittent vents 0 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 1 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 2 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 3 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 4 vent & positive input from loft

Ventilation Type Positive input ventilation from outside 0/1/2 vent

Ventilation Type Positive input ventilation from outside 3 vent

Ventilation Type Positive input ventilation from outside 4 vent

Ventilation Type Whole house centralised mechanical extract ventilation

Ventilation Type Whole house decentralised mechanical extract ventilation

Ventilation Type Balanced whole house ventilation no heat recovery

n/a Ducting Type Flexible ducting (in use factor 1.7) insulated (in use factor 0.85)

Ducting Type Flexible ducting (in use factor 1.7) uninsulated (in use factor 0.70)

Ducting Type Rigid ducting (in use factor 1.4)  insulated (in use factor 0.85)

Ducting Type Rigid ducting (in use factor 1.4)  uninsulated (in use factor 0.70)

n/a Heat Recovery Efficiency of System 89%

Heat Recovery Efficiency of System 85%

Heat Recovery Efficiency of System 80%

Heat Recovery Efficiency of System 75%

Heat Recovery Efficiency of System 70%

Heat Recovery Efficiency of System 65%

Heat Recovery Efficiency of System 60%

Heat Recovery Efficiency of System 55%

Heat Recovery Efficiency of System 50%

n/a Specific Fan Power 0.63

Specific Fan Power 0.50

Specific Fan Power 1.00

Specific Fan Power 1.50

Specific Fan Power 2.00

Specific Fan Power 2.50

26-30 U Values Base Case   

U Values +1%

U Values +2%

U Values +5%

U Values +8%

U Values +10%

U Values +15%

U Values +20%

U Values +21%

U Values +22%

U Values +23%

U Values +24%

U Values +25%

U Values +30%

U Values +40%

U Values +45%

U Values +50%

34 Thermal Bridges 7.07 (y=0.04)

Thermal Bridges Default 26.5 (y=0.15)

Thermal Bridges User Input 17.67(y=0.10)

Thermal Bridges User Input 35.33 (y=0.2)

AC AD AE AF AG AH AI AJ AK AL AM AN AO AP AQ AR AS AT AU AV AW AX AY AZ

52 53 53a 53b 54 55 65 66 67 68 69 70 72 73 74 76 77 78 79 80 81 86 87 87a

Heat Gains 

from Water 

Heating

Gains from 

Lights etc

Reduction due to 

low energy lighting

Gains from 

Fans/Pumps

Gains from 

Water Heating

Total 

Internal 

Gains

Total Solar 

Gains
Total Gains

Gains/ 

Loss Ratio

Utilisation 

Factor

Useful 

Gains

Mean Internal 

Temp. of Living 

Area

Adjustment 

for Gains

Adjusted 

Living Room 

Temp

Temp Diff 

Between 

Zones

Rest of 

House 

Fraction

Mean 

Internal 

Temp

Temp Rise 

from Gains

Base 

Temp

Degree 

Days

Space Heating 

Req (useful)

Space Heating 

from CHP etc

Space Heating from 

Boilers Type 1

Water 

Heated by 

CHP etc

1471.54 517.83 59.76 0.00 167.98 626.05 276.30 902.36 11.60 0.79 711.25 18.88 1.03 19.91 1.75 0.70 18.68 9.14 9.54 867.24 1619.54 0.00 1781.49 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 54.00 0.00 168.00 632.00 276.00 908.00 11.66 0.79 714.00 18.88 1.03 19.91 1.75 0.70 18.68 9.17 9.51 862.00 1612.00 0.00 1774.00 0.00

1472.00 518.00 48.00 0.00 168.00 638.00 276.00 914.00 11.74 0.78 717.00 18.88 1.04 19.92 1.75 0.70 18.69 9.20 9.48 857.00 1603.00 0.00 1764.00 0.00

1472.00 518.00 42.00 0.00 168.00 644.00 276.00 920.00 11.81 0.70 720.00 18.88 1.05 19.93 1.75 0.70 18.70 9.24 9.46 853.00 1594.00 0.00 1754.00 0.00

1472.00 518.00 36.00 0.00 168.00 650.00 276.00 926.00 11.89 0.78 722.00 18.88 1.05 19.93 1.75 0.70 18.70 9.27 9.43 848.00 1586.00 0.00 1744.00 0.00

1472.00 518.00 30.00 0.00 168.00 656.00 276.00 932.00 11.97 0.78 725.00 18.88 1.06 19.94 1.75 0.70 18.71 9.31 9.40 843.00 1577.00 0.00 1735.00 0.00

1472.00 518.00 24.00 0.00 168.00 662.00 276.00 938.00 12.04 0.78 728.00 18.88 1.07 19.95 1.75 0.70 18.72 9.34 9.38 839.00 1568.00 0.00 1725.00 0.00

1472.00 518.00 18.00 0.00 168.00 668.00 276.00 944.00 12.12 0.77 730.00 18.88 1.07 19.95 1.75 0.70 18.72 9.37 9.35 834.00 1560.00 0.00 1716.00 0.00

1472.00 518.00 2.00 0.00 168.00 674.00 276.00 950.00 12.20 0.77 733.00 18.88 1.08 19.96 1.75 0.70 18.73 9.41 9.32 830.00 1551.00 0.00 1707.00 0.00

1472.00 518.00 6.00 0.00 168.00 680.00 276.00 956.00 12.27 0.77 736.00 18.88 1.09 19.97 1.75 0.70 18.74 9.44 9.29 825.00 1543.00 0.00 1697.00 0.00

1472.00 518.00 1.00 0.00 168.00 685.00 276.00 961.00 12.34 0.77 738.00 18.88 1.09 19.97 1.75 0.70 18.74 9.47 9.47 821.00 1535.00 0.00 1689.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 284.00 909.00 11.68 0.79 715.00 18.88 1.04 19.92 1.75 0.70 18.68 9.18 9.18 861.00 1610.00 0.00 1771.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 272.00 898.00 11.53 0.79 710.00 18.88 1.02 19.90 1.75 0.70 18.67 9.11 9.11 871.00 1629.00 0.00 1791.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 247.00 970.00 11.21 0.80 698.00 18.88 0.99 19.87 1.75 0.70 18.64 8.96 8.96 892.00 1669.00 0.00 1836.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 224.00 850.00 10.91 0.81 687.00 18.88 0.96 19.84 1.75 0.70 18.61 8.82 8.82 913.00 1707.00 0.00 1878.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 208.00 834.00 10.71 0.81 679.00 18.88 0.94 19.82 1.75 0.70 18.59 8.72 8.72 928.00 1735.00 0.00 1908.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 216.00 842.00 10.81 0.81 683.00 18.88 0.95 19.83 1.75 0.70 18.60 8.77 8.77 920.00 1721.00 0.00 1893.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 245.00 870.00 11.18 0.80 697.00 18.88 0.99 19.87 1.75 0.70 18.64 8.94 8.94 895.00 1673.00 0.00 1841.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 1.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

0.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

0.00 0.00

0.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

0.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.60 0.79 711.00 18.88 1.03 19.91 1.75 0.70 18.68 9.14 9.53 866.00 1617.00 0.00 1779.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.96 0.78 702.00 18.88 1.06 19.94 1.75 0.70 18.71 9.31 9.40 844.00 1527.00 0.00 1680.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.27 0.86 773.00 18.88 0.79 19.67 1.79 0.70 18.41 7.94 10.47 1039.00 2427.00 0.00 2670.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.22 0.86 774.00 18.88 0.78 19.66 1.79 0.70 18.40 7.91 10.49 1043.00 2779.00 0.00 2694.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.17 0.86 776.00 18.88 0.78 19.66 1.79 0.70 18.40 7.88 10.52 1048.00 2476.00 0.00 2723.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.10 0.86 778.00 18.88 0.77 19.65 1.79 0.70 18.38 7.84 10.55 1054.00 2509.00 0.00 2760.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.01 0.86 780.00 18.88 0.76 19.64 1.80 0.70 18.37 7.79 10.58 1061.00 2548.00 0.00 2803.00 0.00

1472.00 518.00 60.00 27.00 168.00 653.00 276.00 902.00 9.61 0.85 786.00 18.88 0.83 19.71 1.78 0.70 18.45 8.13 10.32 1010.00 2344.00 0.00 2578.00 0.00

1472.00 518.00 60.00 27.00 168.00 653.00 276.00 902.00 9.46 0.85 790.00 18.88 0.81 19.69 1.79 0.70 18.43 8.05 10.38 1022.00 2409.00 0.00 2650.00 0.00

1472.00 518.00 60.00 27.00 168.00 653.00 276.00 902.00 9.18 0.86 798.00 18.88 0.78 19.66 1.80 0.70 19.66 7.89 10.50 1046.00 2541.00 0.00 2795.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.33 0.85 771.00 18.88 0.80 19.68 1.78 0.70 18.42 7.98 10.44 1054.00 2399.00 0.00 2639.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.13 0.83 750.00 18.88 0.88 19.76 1.75 0.70 18.53 8.42 10.11 971.00 2075.00 0.00 2282.00 0.00

1472.00 518.00 60.00 13.00 168.00 639.00 276.00 902.00 9.47 0.85 779.00 18.88 0.81 19.69 1.78 0.70 18.44 8.08 10.38 1022.00 2371.00 0.00 2608.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.11 0.80 724.00 18.88 0.98 19.86 1.75 0.70 18.63 8.91 9.72 899.00 1754.00 0.00 1929.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.64 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.11 0.80 724.00 18.88 0.98 19.86 1.75 0.70 18.63 8.91 9.72 899.00 1754.00 0.00 1929.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.46 0.79 715.00 18.88 1.02 19.90 1.75 0.70 18.66 9.08 9.59 876.00 1655.00 0.00 1821.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.31 0.80 719.00 18.88 1.00 19.88 1.75 0.70 18.65 9.00 9.64 886.00 1697.00 0.00 1867.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.16 0.80 723.00 18.88 0.99 19.87 1.75 0.70 18.64 8.94 9.70 896.00 1739.00 0.00 1913.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.01 0.80 726.00 18.88 0.97 19.85 1.75 0.70 18.62 8.87 9.76 906.00 1781.00 0.00 1960.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.88 0.81 730.00 18.88 0.96 19.84 1.75 0.70 18.61 8.80 9.91 916.00 1823.00 0.00 2006.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.74 0.81 734.00 18.88 0.95 19.83 1.75 0.70 18.59 8.73 9.86 926.00 1867.00 0.00 2053.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.61 0.82 737.00 18.88 0.93 19.81 1.75 0.70 18.58 8.66 9.92 935.00 1909.00 0.00 2100.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.48 0.82 741.00 18.88 0.92 19.80 1.75 0.70 18.57 8.60 9.97 945.00 1953.00 0.00 2148.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.50 0.79 714.00 18.88 1.02 19.90 1.75 0.70 18.67 9.10 9.57 873.00 1644.00 0.00 1808.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.42 0.79 716.00 18.88 1.01 19.89 1.75 0.70 18.66 9.06 9.60 878.00 1665.00 0.00 1832.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.19 0.80 722.00 18.88 0.99 19.87 1.75 0.70 18.64 8.95 9.69 894.00 1729.00 0.00 1901.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.98 0.81 727.00 18.88 0.97 19.85 1.75 0.70 18.62 8.85 9.77 908.00 1791.00 0.00 1970.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.84 0.81 731.00 18.88 0.96 19.84 1.75 0.70 18.60 8.78 9.83 919.00 1836.00 0.00 2019.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.50 0.82 740.00 18.88 0.92 19.80 1.75 0.70 18.57 8.61 9.96 943.00 1944.00 0.00 2138.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.19 0.83 748.00 18.88 0.89 19.77 1.75 0.70 18.54 8.45 10.09 967.00 2055.00 0.00 2260.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.13 0.83 750.00 18.88 0.88 19.76 1.75 0.70 18.53 8.42 10.11 971.00 2077.00 0.00 2284.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.07 0.83 751.00 18.88 0.88 19.76 1.76 0.70 18.52 8.38 10.14 976.00 2099.00 0.00 2309.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.01 0.83 753.00 18.88 0.87 19.75 1.76 0.70 18.51 8.35 10.16 980.00 2121.00 0.00 2333.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.95 0.84 755.00 18.88 0.86 19.74 1.76 0.70 18.50 8.32 10.18 985.00 2143.00 0.00 2357.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.89 0.84 756.00 18.88 0.86 19.74 1.76 0.70 18.50 8.29 10.21 989.00 2165.00 0.00 2382.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.62 0.85 764.00 18.88 0.83 19.71 1.77 0.70 18.46 8.14 10.32 1011.00 2277.00 0.00 2504.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.11 0.86 777.00 18.88 0.77 19.65 1.79 0.70 18.39 7.85 10.54 1053.00 2502.00 0.00 2752.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 8.88 0.87 784.00 18.88 0.74 19.62 1.80 0.70 18.35 7.71 10.64 1072.00 2616.00 0.00 2877.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 8.66 0.87 790.00 18.88 0.71 19.59 1.81 0.70 18.32 7.57 10.74 1091.00 2730.00 0.00 3003.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 11.58 0.79 712.00 18.88 1.03 19.91 1.75 0.70 18.67 9.13 9.54 867.00 1622.00 0.00 1784.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 9.27 0.86 773.00 18.88 0.79 19.67 1.79 0.70 18.41 7.94 10.47 1039.00 2428.00 0.00 2671.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 10.20 0.83 748.00 18.88 0.89 19.77 1.75 0.70 18.54 8.45 10.09 966.00 2053.00 0.00 2258.00 0.00

1472.00 518.00 60.00 0.00 168.00 626.00 276.00 902.00 8.50 0.88 794.00 18.88 0.70 19.58 1.82 0.70 18.29 7.48 10.82 1105.00 2816.00 0.00 3098.00 0.00



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

A B C

SAP Cell 

Ref
Parameter Scenario

OFFICIAL SAP WORKSHEET VALUES 43.94

SAPPER 8 BASE CASE 43.94

1a Ground Floor Area 43.94

n/a Ground Floor Height 2.3

2a First Floor Area 43.94

n/a First Floor Height 2.43

7 Number of chimneys 0

8 Number of open flues 0

9 Number of intermittent fans/vents 0

9a Number of flueless gas fires 0

11 Number of Storeys in Dwelling 2

n/a % Energy Saving Lightbulbs 100%

% Energy Saving Lightbulbs 90%

% Energy Saving Lightbulbs 80%

% Energy Saving Lightbulbs 70%

% Energy Saving Lightbulbs 60%

% Energy Saving Lightbulbs 50%

% Energy Saving Lightbulbs 40%

% Energy Saving Lightbulbs 30%

% Energy Saving Lightbulbs 20%

% Energy Saving Lightbulbs 10%

% Energy Saving Lightbulbs 1%

n/a Orientation N

Orientation NE

Orientation E

Orientation SE

Orientation S

Orientation SW

Orientation W

Orientation NW

13 Structural Infiltration Masonry

Structural Infiltration Steel or Timber Frame

14 Suspended Wooden Floors n/a

Suspended Wooden Floors sealed

Suspended Wooden Floors unsealed

15 Draught Lobby Present? Yes

Draught Lobby Present? No

16 % Windows/Doors Draughtproofed 100

% Windows/Doors Draughtproofed 75

% Windows/Doors Draughtproofed 50

% Windows/Doors Draughtproofed 25

% Windows/Doors Draughtproofed 0

19 Q50 3

Q50 2.95 As Built

Q50 1.97 2011

20 No.Sides on Which Sheltered 1

22 Ventilation Type Balanced whole house ventilation with heat recovery

Ventilation Type Natural with passive/intermittent vents 0 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 1 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 2 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 3 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 4 vent & positive input from loft

Ventilation Type Positive input ventilation from outside 0/1/2 vent

Ventilation Type Positive input ventilation from outside 3 vent

Ventilation Type Positive input ventilation from outside 4 vent

Ventilation Type Whole house centralised mechanical extract ventilation

Ventilation Type Whole house decentralised mechanical extract ventilation

Ventilation Type Balanced whole house ventilation no heat recovery

n/a Ducting Type Flexible ducting (in use factor 1.7) insulated (in use factor 0.85)

Ducting Type Flexible ducting (in use factor 1.7) uninsulated (in use factor 0.70)

Ducting Type Rigid ducting (in use factor 1.4)  insulated (in use factor 0.85)

Ducting Type Rigid ducting (in use factor 1.4)  uninsulated (in use factor 0.70)

n/a Heat Recovery Efficiency of System 89%

Heat Recovery Efficiency of System 85%

Heat Recovery Efficiency of System 80%

Heat Recovery Efficiency of System 75%

Heat Recovery Efficiency of System 70%

Heat Recovery Efficiency of System 65%

Heat Recovery Efficiency of System 60%

Heat Recovery Efficiency of System 55%

Heat Recovery Efficiency of System 50%

n/a Specific Fan Power 0.63

Specific Fan Power 0.50

Specific Fan Power 1.00

Specific Fan Power 1.50

Specific Fan Power 2.00

Specific Fan Power 2.50

26-30 U Values Base Case   

U Values +1%

U Values +2%

U Values +5%

U Values +8%

U Values +10%

U Values +15%

U Values +20%

U Values +21%

U Values +22%

U Values +23%

U Values +24%

U Values +25%

U Values +30%

U Values +40%

U Values +45%

U Values +50%

34 Thermal Bridges 7.07 (y=0.04)

Thermal Bridges Default 26.5 (y=0.15)

Thermal Bridges User Input 17.67(y=0.10)

Thermal Bridges User Input 35.33 (y=0.2)

BA BB BC BD BE BF BG BH BI BJ BK BL BM BN BO BP BQ BR BS BT BU BV BW BX

87b 88 88a 89 90 91 92 93b 93c 94 94a 94b 95 95a 95b1 95b s1 s1a s2a s2a 97 98 99 100

Water Heated by 

Boilers Type 1

Electricity for 

Pumps/ Fans

Electricity for 

Lighting

Space 

Heat Cost 

(CHP etc)

Space Heat Cost 

(Boiler Type 1)

Water 

Heat Cost 

(CHP etc)

Water Heat 

Cost (Boiler 

Type 1)

Immersion On 

Peak Cost

Immersion Off 

Peak Cost

Pump/ Fan 

Energy Cost

Lighting 

Energy 

Cost

Additional 

Standing 

Charges

PV Energy 

Produced/Sa

ved

PV Total 

Cost

Wind Energy 

Produced/ 

Saved

Wind 

Total Cost

Other Features 

Energy 

Produced/Saved

Other Features 

Energy Cost 

Produced/Saved

Other Features 

Energy Consumed

Other Features 

Energy Cost 

Consumed

Total 

Heating 

Cost

Energy 

Cost 

Deflator

Energy 

Cost 

Factor

SAP Rating

2467.62 271.02 398.38 0.00 35.45 0.00 49.11 0.00 0.00 19.30 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.22 0.91 0.91 87.00

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 438.00 0.00 35.30 0.00 49.10 0.00 0.00 19.31 31.20 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 168.91 0.91 0.93 87.00

2467.00 271.00 478.00 0.00 35.10 0.00 49.10 0.00 0.00 19.31 34.04 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 171.55 0.91 0.95 87.75

2467.00 271.00 518.00 0.00 34.90 0.00 49.10 0.00 0.00 19.31 36.87 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 174.19 0.91 0.97 86.50

2467.00 271.00 558.00 0.00 34.71 0.00 49.10 0.00 0.00 19.31 39.71 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 176.83 0.91 0.99 86.25

2467.00 271.00 598.00 0.00 34.52 0.00 49.10 0.00 0.00 19.31 42.55 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 179.48 0.91 0.99 86.00

2467.00 271.00 637.00 0.00 34.33 0.00 49.10 0.00 0.00 19.31 45.38 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 182.13 0.91 1.02 85.75

2467.00 271.00 677.00 0.00 34.15 0.00 49.10 0.00 0.00 19.31 48.22 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 184.78 0.91 1.04 85.48

2467.00 271.00 717.00 0.00 33.96 0.00 49.10 0.00 0.00 19.31 51.06 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 187.43 0.91 1.06 85.23

2467.00 271.00 757.00 0.00 33.78 0.00 49.10 0.00 0.00 19.31 53.89 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 190.08 0.91 1.08 84.98

2467.00 271.00 793.00 0.00 33.61 0.00 49.10 0.00 0.00 19.31 56.54 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 192.47 0.91 1.09 84.76

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.25 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.03 0.91 0.91 87.28

2467.00 271.00 398.00 0.00 36.65 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.42 0.91 0.91 87.24

2467.00 271.00 398.00 0.00 36.53 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 167.31 0.91 0.92 87.16

2467.00 271.00 398.00 0.00 37.37 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 168.15 0.91 0.93 87.07

2467.00 271.00 398.00 0.00 37.97 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 168.75 0.91 0.93 87.02

2467.00 271.00 398.00 0.00 37.67 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 168.45 0.91 0.93 87.05

2467.00 271.00 398.00 0.00 36.63 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 167.40 0.91 0.92 87.14

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 272.00 398.00 0.00 35.40 0.00 49.10 0.00 0.00 19.40 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.27 0.91 0.91 87.25

2467.00 297.00 398.00 0.00 33.43 0.00 49.10 0.00 0.00 21.15 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.05 0.91 0.91 87.28

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 75.00 398.00 0.00 53.14 0.00 49.10 0.00 0.00 5.34 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 169.28 0.91 0.94 86.91

2467.00 75.00 398.00 0.00 53.60 0.00 49.10 0.00 0.00 5.34 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 170.71 0.91 0.94 86.86

2467.00 75.00 398.00 0.00 54.20 0.00 49.10 0.00 0.00 5.34 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 171.00 0.91 0.95 86.81

2467.00 75.00 398.00 0.00 54.93 0.00 49.10 0.00 0.00 5.34 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 171.27 0.91 0.95 86.74

2467.00 75.00 398.00 0.00 55.78 0.00 49.10 0.00 0.00 5.34 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 172.59 0.91 0.96 86.65

2467.00 347.00 398.00 0.00 51.30 0.00 49.10 0.00 0.00 24.68 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 187.45 0.91 1.06 85.23

2467.00 347.00 398.00 0.00 52.73 0.00 49.10 0.00 0.00 24.68 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 188.88 0.91 1.07 85.09

2467.00 347.00 398.00 0.00 55.62 0.00 49.10 0.00 0.00 24.68 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 191.76 0.91 1.09 84.83

2467.00 347.00 398.00 0.00 52.51 0.00 49.10 0.00 0.00 24.68 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 188.65 0.91 1.07 85.12

2467.00 347.00 398.00 0.00 45.41 0.00 49.10 0.00 0.00 16.71 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 173.59 0.91 0.96 86.56

2467.00 270.00 398.00 0.00 51.90 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 182.68 0.91 1.03 85.69

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 38.39 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 169.16 0.91 0.93 86.98

2467.00 237.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 16.84 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 163.81 0.91 0.90 87.49

2467.00 237.00 398.00 0.00 38.39 0.00 49.10 0.00 0.00 16.84 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.70 0.91 0.92 87.21

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 36.23 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 167.10 0.91 0.92 87.18

2467.00 271.00 398.00 0.00 37.15 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 167.93 0.91 0.92 87.10

2467.00 271.00 398.00 0.00 38.06 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 168.84 0.91 0.93 87.02

2467.00 271.00 398.00 0.00 39.00 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 169.77 0.91 0.94 86.92

2467.00 271.00 398.00 0.00 39.92 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 170.49 0.91 0.94 86.84

2467.00 271.00 398.00 0.00 40.86 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 171.64 0.91 0.95 86.74

2467.00 271.00 398.00 0.00 41.79 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 172.57 0.91 0.96 86.65

2467.00 271.00 398.00 0.00 42.75 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 173.53 0.91 0.96 86.56

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 231.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 16.43 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 163.60 0.91 0.89 87.53

2467.00 386.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 27.51 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 174.48 0.91 0.97 86.47

2467.00 542.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 38.60 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 185.57 0.91 1.05 85.41

2467.00 698.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 49.69 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 196.66 0.91 1.12 84.35

2467.00 854.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 60.78 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 207.75 0.91 1.02 83.29

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 35.98 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.76 0.91 0.92 87.21

2467.00 271.00 398.00 0.00 36.45 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 167.23 0.91 0.92 87.17

2467.00 271.00 398.00 0.00 37.84 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 168.62 0.91 0.93 87.03

2467.00 271.00 398.00 0.00 39.20 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 169.97 0.91 0.94 86.91

2467.00 271.00 398.00 0.00 40.18 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 170.96 0.91 0.95 86.81

2467.00 271.00 398.00 0.00 42.56 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 173.33 0.91 0.96 86.58

2467.00 271.00 398.00 0.00 44.98 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 175.76 0.91 0.98 86.35

2467.00 271.00 398.00 0.00 45.46 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 176.24 0.91 0.98 86.31

2467.00 271.00 398.00 0.00 45.94 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 176.72 0.91 0.98 86.26

2467.00 271.00 398.00 0.00 46.43 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 177.2 0.91 0.99 86.21

2467.00 271.00 398.00 0.00 46.91 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 177.69 0.91 0.99 86.17

2467.00 271.00 398.00 0.00 47.40 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 178.17 0.91 0.99 86.12

2467.00 271.00 398.00 0.00 49.84 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 180.61 0.91 1.01 85.89

2467.00 271.00 398.00 0.00 54.77 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 185.55 0.91 1.04 85.41

2467.00 271.00 398.00 0.00 57.26 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 188.04 0.91 1.06 85.17

2467.00 271.00 398.00 0.00 59.77 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 190.54 0.91 1.08 84.94

2467.00 271.00 398.00 0.00 35.50 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.28 0.91 0.91 87.25

2467.00 271.00 398.00 0.00 53.15 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 183.93 0.91 1.03 85.57

2467.00 271.00 398.00 0.00 44.93 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 175.31 0.91 0.98 86.35

2467.00 271.00 398.00 0.00 61.65 0.00 49.10 0.00 0.00 19.31 28.36 34.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 192.43 0.91 1.09 84.76
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A B C

SAP Cell 

Ref
Parameter Scenario

OFFICIAL SAP WORKSHEET VALUES 43.94

SAPPER 8 BASE CASE 43.94

1a Ground Floor Area 43.94

n/a Ground Floor Height 2.3

2a First Floor Area 43.94

n/a First Floor Height 2.43

7 Number of chimneys 0

8 Number of open flues 0

9 Number of intermittent fans/vents 0

9a Number of flueless gas fires 0

11 Number of Storeys in Dwelling 2

n/a % Energy Saving Lightbulbs 100%

% Energy Saving Lightbulbs 90%

% Energy Saving Lightbulbs 80%

% Energy Saving Lightbulbs 70%

% Energy Saving Lightbulbs 60%

% Energy Saving Lightbulbs 50%

% Energy Saving Lightbulbs 40%

% Energy Saving Lightbulbs 30%

% Energy Saving Lightbulbs 20%

% Energy Saving Lightbulbs 10%

% Energy Saving Lightbulbs 1%

n/a Orientation N

Orientation NE

Orientation E

Orientation SE

Orientation S

Orientation SW

Orientation W

Orientation NW

13 Structural Infiltration Masonry

Structural Infiltration Steel or Timber Frame

14 Suspended Wooden Floors n/a

Suspended Wooden Floors sealed

Suspended Wooden Floors unsealed

15 Draught Lobby Present? Yes

Draught Lobby Present? No

16 % Windows/Doors Draughtproofed 100

% Windows/Doors Draughtproofed 75

% Windows/Doors Draughtproofed 50

% Windows/Doors Draughtproofed 25

% Windows/Doors Draughtproofed 0

19 Q50 3

Q50 2.95 As Built

Q50 1.97 2011

20 No.Sides on Which Sheltered 1

22 Ventilation Type Balanced whole house ventilation with heat recovery

Ventilation Type Natural with passive/intermittent vents 0 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 1 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 2 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 3 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 4 vent & positive input from loft

Ventilation Type Positive input ventilation from outside 0/1/2 vent

Ventilation Type Positive input ventilation from outside 3 vent

Ventilation Type Positive input ventilation from outside 4 vent

Ventilation Type Whole house centralised mechanical extract ventilation

Ventilation Type Whole house decentralised mechanical extract ventilation

Ventilation Type Balanced whole house ventilation no heat recovery

n/a Ducting Type Flexible ducting (in use factor 1.7) insulated (in use factor 0.85)

Ducting Type Flexible ducting (in use factor 1.7) uninsulated (in use factor 0.70)

Ducting Type Rigid ducting (in use factor 1.4)  insulated (in use factor 0.85)

Ducting Type Rigid ducting (in use factor 1.4)  uninsulated (in use factor 0.70)

n/a Heat Recovery Efficiency of System 89%

Heat Recovery Efficiency of System 85%

Heat Recovery Efficiency of System 80%

Heat Recovery Efficiency of System 75%

Heat Recovery Efficiency of System 70%

Heat Recovery Efficiency of System 65%

Heat Recovery Efficiency of System 60%

Heat Recovery Efficiency of System 55%

Heat Recovery Efficiency of System 50%

n/a Specific Fan Power 0.63

Specific Fan Power 0.50

Specific Fan Power 1.00

Specific Fan Power 1.50

Specific Fan Power 2.00

Specific Fan Power 2.50

26-30 U Values Base Case   

U Values +1%

U Values +2%

U Values +5%

U Values +8%

U Values +10%

U Values +15%

U Values +20%

U Values +21%

U Values +22%

U Values +23%

U Values +24%

U Values +25%

U Values +30%

U Values +40%

U Values +45%

U Values +50%

34 Thermal Bridges 7.07 (y=0.04)

Thermal Bridges Default 26.5 (y=0.15)

Thermal Bridges User Input 17.67(y=0.10)

Thermal Bridges User Input 35.33 (y=0.2)

BY BZ CA CB CC CD CE CF CG CH CI CJ CK CL CM CN CO CP CQ CR CS CT CU

n/a 105 106 107 108 109 110 110b 110c 111 s1a s2a 112 113 n/a n/a

SAP Band

Cost of 

Community 

Space Heating

Cost of 

Community 

Water Heating

Cost of 

Combined 

Space/Water

Cost of 

Community 

Pumps/Fans

Cost of 

Community 

Lighting

Cost of PV Energy 

Produced/Saved

Cost of Wind Energy 

Produced/Saved

Cost of Special 

Feature 

Produced/Saved

Cost of Special 

Feature Energy 

Consumed 

Energy 

Produced/Saved in 

Dwelling

Energy Consumed 

by Technology

Total CO2 CO2 

Emissions 

Rate

EI Rating EI Band
PE for Space 

Heating

PE for 

Water 

Heating

PE Space & 

Water 

Heating

PE Pumps/ 

Fans
PE Lighting PE PV PE Wind

B 52.40 72.58 124.97 114.37 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.46 4.64 96.00 A 2305.46 3193.38 5498.85 758.87 1115.40 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.17 72.57 124.74 114.45 184.93 0.00 0.00 0.00 0.00 0.00 0.00 424.11 4.83 95.72 A 2295.34 3193.15 5488.00 759.37 1227.00 0.00 0.00

B 51.87 72.57 124.44 114.45 201.74 0.00 0.00 0.00 0.00 0.00 0.00 440.63 5.01 95.56 A 222.36 3193.15 5476.00 759.37 1339.00 0.00 0.00

B 51.59 72.57 124.16 114.45 218.55 0.00 0.00 0.00 0.00 0.00 0.00 457.16 5.20 95.39 A 269.82 3193.15 5463.00 759.37 1450.00 0.00 0.00

B 51.30 72.57 123.87 114.45 235.36 0.00 0.00 0.00 0.00 0.00 0.00 473.69 5.39 95.22 A 2257.37 3193.15 5451.00 759.37 1562.00 0.00 0.00

B 51.02 72.57 123.59 114.45 252.17 0.00 0.00 0.00 0.00 0.00 0.00 490.22 5.58 95.06 A 2245.00 3193.15 5438.00 759.37 1673.00 0.00 0.00

B 50.74 72.57 123.31 114.45 268.99 0.00 0.00 0.00 0.00 0.00 0.00 506.75 5.77 94.89 A 2232.73 3193.15 5426.00 759.37 1785.00 0.00 0.00

B 50.47 72.57 123.04 114.45 285.80 0.00 0.00 0.00 0.00 0.00 0.00 523.29 5.95 94.72 A 2220.55 3193.15 5414.00 759.37 1896.00 0.00 0.00

B 50.19 72.57 122.76 114.45 302.61 0.00 0.00 0.00 0.00 0.00 0.00 539.82 6.14 94.56 A 2220.45 3193.15 5402.00 759.37 2008.00 0.00 0.00

B 49.92 72.57 122.49 114.45 319.42 0.00 0.00 0.00 0.00 0.00 0.00 555.36 6.33 94.39 A 2196.44 3193.15 5390.00 759.37 2119.00 0.00 0.00

B 49.67 72.57 122.24 114.45 344.55 0.00 0.00 0.00 0.00 0.00 0.00 571.25 6.50 94.24 A 2185.70 3193.15 5379.00 759.37 2220.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.10 72.57 124.67 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.23 4.63 95.89 A 2292.30 3193.15 5485.00 759.37 1115.00 0.00 0.00

B 53.69 72.57 125.26 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.82 4.64 95.89 A 2318.24 3193.15 5511.00 759.37 1115.00 0.00 0.00

B 53.99 72.57 126.56 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 409.13 4.66 95.87 A 2375.59 3193.15 5569.00 759.37 1115.00 0.00 0.00

B 55.24 72.57 127.81 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 410.30 4.67 95.86 A 2430.50 3193.15 5624.00 759.37 1115.00 0.00 0.00

B 56.12 72.57 128.69 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 411.26 4.68 95.85 A 2469.28 3193.15 5662.00 759.37 1115.00 0.00 0.00

B 55.68 72.57 128.25 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 410.81 4.67 95.86 A 2776.82 3193.15 5643.00 759.37 1115.00 0.00 0.00

B 54.13 72.57 126.70 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 409.81 4.66 95.87 A 2381.85 3193.15 5575.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.32 72.57 124.89 114.98 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.99 4.64 95.89 A 2302.12 3193.15 5495.00 762.88 1115.00 0.00 0.00

B 49.42 72.57 121.99 125.37 168.12 0.00 0.00 0.00 0.00 0.00 0.00 415.47 4.73 95.81 A 2174.31 3193.15 5367.00 831.82 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 78.53 72.57 151.10 31.65 168.12 0.00 0.00 0.00 0.00 0.00 0.00 350.87 3.99 96.46 A 3455.51 3193.15 6649.00 210.00 1115.00 0.00 0.00

B 79.22 72.57 151.79 31.65 168.12 0.00 0.00 0.00 0.00 0.00 0.00 351.56 4.00 96.45 A 3485.82 3193.15 6679.00 210.00 1115.00 0.00 0.00

B 80.10 72.57 152.67 31.65 168.12 0.00 0.00 0.00 0.00 0.00 0.00 352.44 4.01 96.45 A 3524.52 3193.15 6718.00 210.00 1115.00 0.00 0.00

B 81.18 72.57 153.75 31.65 168.12 0.00 0.00 0.00 0.00 0.00 0.00 353.52 4.02 96.44 A 3571.91 3193.15 6765.00 210.00 1115.00 0.00 0.00

B 82.45 72.57 15.02 31.65 168.12 0.00 0.00 0.00 0.00 0.00 0.00 354.79 4.04 96.42 A 3627.75 3193.15 6821.00 210.00 1115.00 0.00 0.00

B 75.83 72.57 148.40 146.25 168.12 0.00 0.00 0.00 0.00 0.00 0.00 462.76 5.27 95.33 A 3336.36 3193.15 6530.00 970.38 1115.00 0.00 0.00

B 77.94 72.57 150.51 146.25 168.12 0.00 0.00 0.00 0.00 0.00 0.00 464.88 5.29 95.31 A 3429.32 3193.15 6622.00 970.38 1115.00 0.00 0.00

B 82.20 72.57 154.77 146.25 168.12 0.00 0.00 0.00 0.00 0.00 0.00 469.14 5.34 95.27 A 3616.71 3193.15 6810.00 970.38 1115.00 0.00 0.00

B 77.61 72.57 150.18 146.25 168.12 0.00 0.00 0.00 0.00 0.00 0.00 434.55 5.29 95.32 A 3414.92 3193.15 6608.00 970.38 1115.00 0.00 0.00

B 67.12 72.57 139.69 99.06 168.12 0.00 0.00 0.00 0.00 0.00 0.00 406.87 4.63 95.90 A 2953.29 3193.15 6146.00 657.28 1115.00 0.00 0.00

B 76.71 72.57 149.28 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 431.85 4.91 95.65 A 3375.37 3193.15 6569.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 56.73 72.57 129.30 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 411.87 4.69 95.85 A 2496.26 3193.15 5689.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 99.84 168.12 0.00 0.00 0.00 0.00 0.00 0.00 393.00 4.47 96.04 A 2308.81 3193.15 5502.00 662.42 1115.00 0.00 0.00

B 56.73 72.57 129.30 99.84 168.12 0.00 0.00 0.00 0.00 0.00 0.00 397.26 4.52 95.99 A 2496.26 3193.15 5689.00 662.42 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 53.55 72.57 126.12 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 408.68 4.65 95.88 A 2355.99 3193.15 5549.00 759.37 1115.00 0.00 0.00

B 54.91 72.57 127.48 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 410.05 4.67 95.86 A 2416.04 3193.15 5609.00 759.37 1115.00 0.00 0.00

B 56.25 72.57 128.82 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 411.39 4.68 95.85 A 2475.91 3193.15 5668.00 759.37 1115.00 0.00 0.00

B 57.63 72.57 130.20 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 412.77 4.70 95.84 A 2535.91 3193.15 5729.00 759.37 1115.00 0.00 0.00

B 58.99 72.57 131.56 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 414.13 4.71 95.82 A 2595.73 3193.15 5789.00 759.37 1115.00 0.00 0.00

B 60.39 72.57 132.96 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 415.55 4.73 95.81 A 2657.33 3193.15 5850.00 759.37 1115.00 0.00 0.00

B 61.77 72.57 134.34 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 416.91 4.74 95.80 A 2727.87 3193.15 5911.00 759.37 1115.00 0.00 0.00

B 63.19 72.57 135.76 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 418.32 4.76 95.78 A 2780.20 3193.15 5973.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 97.36 168.12 0.00 0.00 0.00 0.00 0.00 0.00 408.32 4.44 96.06 A 2308.81 3193.15 5502.00 646.01 1115.00 0.00 0.00

B 52.47 72.57 125.04 163.08 168.12 0.00 0.00 0.00 0.00 0.00 0.00 409.01 5.19 95.40 A 2308.81 3193.15 5502.00 1082.02 1115.00 0.00 0.00

B 52.47 72.57 125.04 228.79 168.12 0.00 0.00 0.00 0.00 0.00 0.00 414.53 5.94 94.74 A 2308.81 3193.15 5502.00 1518.04 1115.00 0.00 0.00

B 52.47 72.57 125.04 294.50 168.12 0.00 0.00 0.00 0.00 0.00 0.00 413.07 6.69 94.07 A 2308.81 3193.15 5502.00 1954.04 1115.00 0.00 0.00

B 52.47 72.57 125.04 360.21 168.12 0.00 0.00 0.00 0.00 0.00 0.00 418.03 7.43 93.41 A 2308.81 3193.15 5502.00 2390.05 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 53.18 72.57 125.75 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 408.32 4.55 95.88 A 2339.87 3193.15 5533.00 759.37 1115.00 0.00 0.00

B 53.87 72.57 126.44 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 409.01 4.65 95.88 A 2370.00 3193.15 5564.00 759.37 1115.00 0.00 0.00

B 55.93 72.57 128.50 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 411.06 4.68 95.85 A 2460.75 3193.15 5654.00 759.37 1115.00 0.00 0.00

B 57.93 72.57 130.50 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 413.07 4.70 95.83 A 2549.02 3193.15 5742.00 759.37 1115.00 0.00 0.00

B 59.39 72.57 131.96 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 414.53 4.72 95.82 A 2613.22 3193.15 5806.00 759.37 1115.00 0.00 0.00

B 62.90 72.57 135.47 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 418.03 4.76 95.78 A 2767.41 3193.15 5961.00 759.37 1115.00 0.00 0.00

B 66.48 72.57 139.05 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 421.61 4.80 95.75 A 2925.04 3193.15 6118.00 759.37 1115.00 0.00 0.00

B 67.19 72.57 139.76 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 422.33 4.81 95.74 A 2956.40 3193.15 6150.00 759.37 1115.00 0.00 0.00

B 67.90 72.57 140.47 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 423.04 4.81 95.73 A 2987.77 3193.15 6181.00 759.37 1115.00 0.00 0.00

B 68.62 72.57 141.19 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 423.76 4.82 95.73 A 3019.25 3193.15 6212.00 759.37 1115.00 0.00 0.00

B 69.33 72.57 141.90 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 424.47 4.83 95.72 A 3050.74 3193.15 6244.00 759.37 1115.00 0.00 0.00

B 70.05 72.57 142.62 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 425.19 4.84 95.71 A 3082.37 3193.15 6276.00 759.37 1115.00 0.00 0.00

B 73.66 72.57 146.23 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 428.79 4.88 95.68 A 3240.95 3193.15 6234.00 759.37 1115.00 0.00 0.00

B 80.95 72.57 153.52 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 436.09 4.96 95.60 A 3561.79 3193.15 6755.00 759.37 1115.00 0.00 0.00

B 84.63 72.57 157.20 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 439.77 5.00 95.57 A 3723.78 3193.15 6917.00 759.37 1115.00 0.00 0.00

B 88.33 72.57 160.90 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 443.47 5.05 95.53 A 3886.68 3193.15 7080.00 759.37 1115.00 0.00 0.00

B 52.47 72.57 125.04 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 407.61 4.64 95.89 A 2308.81 3193.15 5502.00 759.37 1115.00 0.00 0.00

B 78.56 72.57 151.13 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 433.69 4.94 95.63 A 3456.45 3193.15 6650.00 759.37 1115.00 0.00 0.00

B 66.41 72.57 138.98 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 421.54 4.80 95.75 A 2921.96 3193.15 1115.00 759.37 1115.00 0.00 0.00

B 91.12 72.57 163.69 114.45 168.12 0.00 0.00 0.00 0.00 0.00 0.00 446.25 5.08 95.50 A 4009.10 3193.15 7202.00 759.37 1115.00 0.00 0.00
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A B C

SAP Cell 

Ref
Parameter Scenario

OFFICIAL SAP WORKSHEET VALUES 43.94

SAPPER 8 BASE CASE 43.94

1a Ground Floor Area 43.94

n/a Ground Floor Height 2.3

2a First Floor Area 43.94

n/a First Floor Height 2.43

7 Number of chimneys 0

8 Number of open flues 0

9 Number of intermittent fans/vents 0

9a Number of flueless gas fires 0

11 Number of Storeys in Dwelling 2

n/a % Energy Saving Lightbulbs 100%

% Energy Saving Lightbulbs 90%

% Energy Saving Lightbulbs 80%

% Energy Saving Lightbulbs 70%

% Energy Saving Lightbulbs 60%

% Energy Saving Lightbulbs 50%

% Energy Saving Lightbulbs 40%

% Energy Saving Lightbulbs 30%

% Energy Saving Lightbulbs 20%

% Energy Saving Lightbulbs 10%

% Energy Saving Lightbulbs 1%

n/a Orientation N

Orientation NE

Orientation E

Orientation SE

Orientation S

Orientation SW

Orientation W

Orientation NW

13 Structural Infiltration Masonry

Structural Infiltration Steel or Timber Frame

14 Suspended Wooden Floors n/a

Suspended Wooden Floors sealed

Suspended Wooden Floors unsealed

15 Draught Lobby Present? Yes

Draught Lobby Present? No

16 % Windows/Doors Draughtproofed 100

% Windows/Doors Draughtproofed 75

% Windows/Doors Draughtproofed 50

% Windows/Doors Draughtproofed 25

% Windows/Doors Draughtproofed 0

19 Q50 3

Q50 2.95 As Built

Q50 1.97 2011

20 No.Sides on Which Sheltered 1

22 Ventilation Type Balanced whole house ventilation with heat recovery

Ventilation Type Natural with passive/intermittent vents 0 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 1 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 2 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 3 vent & positive input from loft

Ventilation Type Natural with passive/intermittent vents 4 vent & positive input from loft

Ventilation Type Positive input ventilation from outside 0/1/2 vent

Ventilation Type Positive input ventilation from outside 3 vent

Ventilation Type Positive input ventilation from outside 4 vent

Ventilation Type Whole house centralised mechanical extract ventilation

Ventilation Type Whole house decentralised mechanical extract ventilation

Ventilation Type Balanced whole house ventilation no heat recovery

n/a Ducting Type Flexible ducting (in use factor 1.7) insulated (in use factor 0.85)

Ducting Type Flexible ducting (in use factor 1.7) uninsulated (in use factor 0.70)

Ducting Type Rigid ducting (in use factor 1.4)  insulated (in use factor 0.85)

Ducting Type Rigid ducting (in use factor 1.4)  uninsulated (in use factor 0.70)

n/a Heat Recovery Efficiency of System 89%

Heat Recovery Efficiency of System 85%

Heat Recovery Efficiency of System 80%

Heat Recovery Efficiency of System 75%

Heat Recovery Efficiency of System 70%

Heat Recovery Efficiency of System 65%

Heat Recovery Efficiency of System 60%

Heat Recovery Efficiency of System 55%

Heat Recovery Efficiency of System 50%

n/a Specific Fan Power 0.63

Specific Fan Power 0.50

Specific Fan Power 1.00

Specific Fan Power 1.50

Specific Fan Power 2.00

Specific Fan Power 2.50

26-30 U Values Base Case   

U Values +1%

U Values +2%

U Values +5%

U Values +8%

U Values +10%

U Values +15%

U Values +20%

U Values +21%

U Values +22%

U Values +23%

U Values +24%

U Values +25%

U Values +30%

U Values +40%

U Values +45%

U Values +50%

34 Thermal Bridges 7.07 (y=0.04)

Thermal Bridges Default 26.5 (y=0.15)

Thermal Bridges User Input 17.67(y=0.10)

Thermal Bridges User Input 35.33 (y=0.2)

CV CW CX CY CZ DA

PE 

MicroCHP 

produced

/Saved

PE 

MIcroCHP 

Consume

d

PE 

Produced/Sa

ved by 

Dwelling

PE Consumed by 

Technology
PE Total PE m2

0.00 0.00 0.00 0.00 7373.17 83.90

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7475.00 85.06

0.00 0.00 0.00 0.00 7573.00 86.17

0.00 0.00 0.00 0.00 7672.00 87.30

0.00 0.00 0.00 0.00 7772.00 88.44

0.00 0.00 0.00 0.00 7871.00 89.57

0.00 0.00 0.00 0.00 7970.00 90.69

0.00 0.00 0.00 0.00 8069.00 91.82

0.00 0.00 0.00 0.00 8169.00 92.96

0.00 0.00 0.00 0.00 8268.00 94.08

0.00 0.00 0.00 0.00 8358.00 95.11

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7360.00 83.75

0.00 0.00 0.00 0.00 7386.00 84.05

0.00 0.00 0.00 0.00 7444.00 84.71

0.00 0.00 0.00 0.00 7498.00 85.32

0.00 0.00 0.00 0.00 7537.00 85.76

0.00 0.00 0.00 0.00 7518.00 85.55

0.00 0.00 0.00 0.00 7450.00 84.77

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7374.00 83.91

0.00 0.00 0.00 0.00 7315.00 83.24

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7974.00 90.74

0.00 0.00 0.00 0.00 8004.00 91.08

0.00 0.00 0.00 0.00 8043.00 91.52

0.00 0.00 0.00 0.00 8091.00 92.07

0.00 0.00 0.00 0.00 8146.00 92.69

0.00 0.00 0.00 0.00 8615.00 98.03

0.00 0.00 0.00 0.00 8708.00 99.09

0.00 0.00 0.00 0.00 8896.00 101.23

0.00 0.00 0.00 0.00 8694.00 98.93

0.00 0.00 0.00 0.00 7919.00 90.11

0.00 0.00 0.00 0.00 8443.00 96.07

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7564.00 86.07

0.00 0.00 0.00 0.00 7280.00 82.84

0.00 0.00 0.00 0.00 7467.00 84.97

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7424.00 84.48

0.00 0.00 0.00 0.00 7484.00 85.16

0.00 0.00 0.00 0.00 7543.00 85.83

0.00 0.00 0.00 0.00 7604.00 86.53

0.00 0.00 0.00 0.00 7664.00 87.21

0.00 0.00 0.00 0.00 7725.00 87.90

0.00 0.00 0.00 0.00 7786.00 88.60

0.00 0.00 0.00 0.00 7848.00 89.30

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7263.00 82.65

0.00 0.00 0.00 0.00 7699.00 87.61

0.00 0.00 0.00 0.00 8135.00 92.57

0.00 0.00 0.00 0.00 8571.00 97.53

0.00 0.00 0.00 0.00 9007.00 102.49

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 7408.00 84.30

0.00 0.00 0.00 0.00 7438.00 84.64

0.00 0.00 0.00 0.00 7529.00 85.67

0.00 0.00 0.00 0.00 7617.00 86.68

0.00 0.00 0.00 0.00 7681.00 87.40

0.00 0.00 0.00 0.00 7835.00 89.16

0.00 0.00 0.00 0.00 7993.00 90.95

0.00 0.00 0.00 0.00 8024.00 91.31

0.00 0.00 0.00 0.00 8056.00 91.67

0.00 0.00 0.00 0.00 8087.00 92.02

0.00 0.00 0.00 0.00 8119.00 92.39

0.00 0.00 0.00 0.00 8150.00 92.74

0.00 0.00 0.00 0.00 8309.00 94.55

0.00 0.00 0.00 0.00 8630.00 98.20

0.00 0.00 0.00 0.00 8792.00 100.05

0.00 0.00 0.00 0.00 8955.00 101.90

0.00 0.00 0.00 0.00 7377.00 84.94

0.00 0.00 0.00 0.00 8524.00 97.00

0.00 0.00 0.00 0.00 7990.00 90.92

0.00 0.00 0.00 0.00 9077.00 103.29



Appendix 8 - SAP 2009 Sensitivity Analysis Worksheet



SAP 2009 MODEL SENSITIVITY ANALYSIS (NO MVHR VENTILATION STRATEGY)

Total Fabric Heat Loss Heat Loss Coefficient Space Heating Demand Space Heat Req Carbon Emissions Primary Energy

Baseline Data 121.98 170.57 5604.87 6353.28 80 C 81 B 2133.43 11132.21

U Values (Wall) % Value

5.00 0.22 122.89 171.48 5650.63 6405.16 80 C 81 B 2243.60 11184.62

10.00 0.23 123.80 172.39 5696.36 6456.99 80 C 81 B 2153.77 11237.00

15.00 0.24 124.71 173.30 5741.99 6508.71 80 C 81 B 2163.92 11289.27

20.00 0.25 125.62 174.21 5787.58 6560.39 80 C 81 B 2174.06 11341.50

25.00 0.26 126.53 175.12 5833.06 6611.95 80 C 81 B 2184.17 11393.63

30.00 0.27 127.44 176.03 5878.59 6663.56 80 C 81 B 2194.30 11445.80

40.00 0.29 129.26 177.85 5969.36 6766.45 80 C 81 B 2215.50 11549.84

50.00 0.32 131.07 179.67 6059.93 6869.12 80 C 80 C 2234.65 11653.67

-5.00 0.20 121.07 169.66 5559.08 6301.39 80 C 81 B 2123.25 11079.77

-10.00 0.19 120.16 168.75 5513.15 6249.32 80 C 81 B 2113.04 11027.18

-15.00 0.18 119.25 167.84 5467.27 6197.31 81 B 82 B 2102.84 10974.65

-20.00 0.17 118.34 166.93 5421.26 6145.16 81 B 82 B 2092.62 10921.98

-25.00 0.16 117.43 166.02 5375.24 6093.00 81 B 82 B 2082.40 10869.31

-30.00 0.15 116.52 165.11 5329.17 6040.77 81 B 82 B 2072.16 10816.58

-40.00 0.13 114.70 163.29 5236.83 5936.10 81 B 82 B 2051.65 10710.92

-50.00 0.11 112.88 161.47 5144.33 5831.25 81 B 82 B 2031.11 10605.11

U Values (Roof) % Value

5.00 0.17 122.42 171.01 5627.03 6378.41 80 C 81 B 2138.36 11157.59

10.00 0.18 122.86 171.45 5649.22 6403.56 80 C 81 B 2143.29 11183.01

15.00 0.18 123.30 171.89 5671.33 6428.62 80 C 81 B 2148.20 11208.33

20.00 0.19 123.74 172.33 5693.53 6453.78 80 C 81 B 2153.14 11233.76

25.00 0.20 124.18 172.78 5715.65 6478.85 80 C 81 B 2158.06 11256.09

30.00 0.21 124.62 173.22 5737.73 6503.89 80 C 81 B 2162.97 11284.39

40.00 0.22 125.50 174.10 5781.99 6554.05 80 C 81 B 2172.81 11335.10

50.00 0.24 126.38 174.98 5826.11 6604.07 80 C 81 B 2182.63 11385.66

-5.00 0.15 121.53 170.13 5582.66 6328.11 80 C 81 B 2128.49 11106.77

-10.00 0.14 121.09 169.69 5560.48 6302.97 80 C 81 B 2123.56 11081.38

-15.00 0.14 120.65 169.25 5538.25 6277.78 80 C 81 B 2118.62 11055.92

-20.00 0.13 120.21 168.81 5516.03 6252.58 80 C 81 B 2113.68 11030.47

-25.00 0.12 119.77 168.37 5493.78 6227.36 80 C 82 B 2108.73 11005.00

-30.00 0.11 119.33 167.93 5471.49 6202.10 81 B 82 B 2103.78 10979.48

-40.00 0.10 118.45 167.04 5426.97 6151.63 81 B 82 B 2093.89 10928.51

-50.00 0.08 117.57 166.16 5382.37 6101.08 81 B 82 B 2083.98 10877.46

U Values (Floor) % Value

5.00 0.22 122.55 171.15 5634.00 6386.31 80 C 81 B 2139.91 11165.57

10.00 0.23 123.13 171.73 5663.08 6419.27 80 C 81 B 2146.37 11198.88

15.00 0.24 123.71 172.31 5692.13 6452.20 80 C 81 B 2152.83 11232.16

20.00 0.25 124.29 172.89 5721.20 6485.15 80 C 81 B 2159.29 11265.46

25.00 0.26 124.87 173.46 5750.22 6518.04 80 C 81 B 2165.75 11298.70

30.00 0.27 125.45 174.04 5779.18 6550.87 80 C 81 B 2172.19 11331.89

40.00 0.29 126.61 175.20 5837.15 6616.58 80 C 81 B 2185.08 11398.31

50.00 0.32 127.76 176.36 5894.96 6682.12 80 C 81 B 2197.94 11464.56

-5.00 0.20 121.40 169.99 5575.74 6320.26 80 C 81 B 2126.95 11098.84

-10.00 0.19 120.82 169.41 5546.57 6287.20 80 C 81 B 2120.47 11065.45

-15.00 0.18 120.24 168.83 5517.44 6254.18 80 C 81 B 2113.99 11032.09

-20.00 0.17 119.66 168.26 5488.20 6221.04 80 C 82 B 2107.50 10998.61

-25.00 0.16 119.08 167.68 5459.01 6187.94 80 C 82 B 2101.01 10965.19

-30.00 0.15 118.50 167.10 5429.72 6154.75 81 B 82 B 2094.50 10931.66

-40.00 0.13 117.35 165.94 5371.21 6088.43 81 B 82 B 2081.50 10864.69

-50.00 0.11 116.19 164.78 5312.53 6021.91 81 B 82 B 2068.46 10797.54

U Values (Windows/Doors) % Value

5.00 1.68 124.29 172.89 5721.20 6485.15 80 C 81 B 2159.30 11265.46

10.00 1.76 126.59 175.19 5836.52 6615.87 80 C 81 B 2184.94 11397.58

15.00 1.84 128.88 177.48 5950.93 6745.56 80 C 81 B 2210.40 11528.71

20.00 1.92 131.16 179.76 6064.36 6874.13 80 C 80 C 2235.64 11658.75

25.00 2.00 133.43 182.03 6176.84 7001.63 79 C 80 C 2260.68 11787.73

30.00 2.08 135.69 184.28 6288.39 7128.08 79 C 80 C 2285.51 11915.67

40.00 2.24 140.16 188.76 6508.70 7377.80 79 C 80 C 2334.58 12168.44

50.00 2.40 144.60 193.19 6725.34 7623.38 79 C 79 C 2382.85 12417.12

-5.00 1.52 119.65 168.24 5487.59 6220.35 80 C 82 B 2107.36 10997.92

-10.00 1.44 117.31 165.90 5369.33 6086.30 81 B 82 B 2081.08 10862.57

-15.00 1.36 114.96 163.55 5250.13 5951.17 81 B 82 B 2054.60 10726.13

-20.00 1.28 112.59 161.19 5129.91 5814.90 81 B 82 B 2027.91 10588.62

-25.00 1.20 110.22 158.81 5008.75 5677.57 81 B 82 B 2001.02 10450.08

-30.00 1.12 107.83 156.42 4886.60 5539.11 81 B 83 B 1973.91 10310.47

-40.00 0.96 103.01 151.61 4639.47 5258.98 82 B 83 B 1919.12 10028.18

-50.00 0.80 98.14 146.74 4388.47 4974.46 82 B 84 B 1863.52 9741.76

U Values (Party Wall) Value

0.10 125.19 173.78 5766.04 6535.97 80 C 81 B 2169.27 11316.82

0.50 138.02 186.62 6403.57 7258.63 79 C 80 C 2311.16 12047.81

Thermal Bridging y value

y=0.15 121.98 170.57 5604.87 6353.28 80 C 81 B 2133.43 11132.21

y=0.08 105.93 154.52 4789.38 5428.90 82 B 83 B 1952.35 10199.38

y=0.04 96.76 145.36 4317.13 4893.59 82 B 84 B 1847.72 9660.40

y=0.1 110.51 159.11 5023.91 5694.75 81 B 82 B 2004.38 10467.41

y=0.2 133.44 182.03 6177.13 7001.96 79 C 80 C 2260.74 11788.07

y=0.3 156.36 204.96 7293.31 8267.19 78 C 78 C 2509.49 13069.50

y=0.4 179.28 227.88 8371.04 9488.83 76 C 76 C 2750.06 14306.79

y=0.5 202.21 250.80 9411.77 10668.52 75 C 76 C 2982.63 15506.87

SAP Rating EI rating



SAP 2009 MODEL SENSITIVITY ANALYSIS (NO MVHR VENTILATION STRATEGY)

Total Fabric Heat Loss Heat Loss Coefficient Space Heating Demand Space Heat Req Carbon Emissions Primary Energy

Baseline Data 121.98 170.57 5604.87 6353.28 80 C 81 B 2133.43 11132.21

SAP Rating EI rating

Air Pressure Test q50 Value

7.00 121.98 170.57 5604.87 6353.28 80 C 81 B 2133.43 11132.21

8.00 121.98 172.10 5695.41 6455.91 80 C 81 B 2153.58 11236.01

9.00 121.98 173.82 5797.67 6571.83 80 C 81 B 2176.34 11353.28

10.00 121.98 175.76 5911.64 6701.02 80 C 81 B 2201.72 11484.00

11.00 121.98 177.89 6037.37 6843.54 80 C 80 C 2229.65 11627.91

12.00 121.98 180.23 6137.81 6957.39 79 C 80 C 2260.11 11784.82

13.00 121.98 182.77 6321.81 7165.96 79 C 80 C 2296.09 11954.69

14.00 121.98 185.51 6480.83 7346.21 79 C 80 C 2328.53 12137.27

15.00 121.98 188.46 6650.66 7538.72 79 C 79 C 2366.39 12332.30

6.00 121.98 169.25 5526.19 6264.10 80 B 81 B 2115.92 11042.01

5.00 121.98 168.13 5459.48 6188.48 81 B 82 B 2101.08 10965.55

4.00 121.98 167.22 5404.80 6126.50 81 B 82 B 2088.92 10902.90

3.00 121.98 166.50 5362.19 6078.20 81 B 82 B 2079.44 10854.07

Divide by 20 Rule
Division 

Factor

q50 

Eqivalent

20.00 7.00 121.98 170.57 5604.87 6353.28 80 C 81 B 2133.43 11132.21

15.00 9.20 121.98 174.19 5819.54 6596.62 80 C 81 B 2181.21 11378.36

10.00 14.00 121.98 185.51 6480.83 7346.21 79 C 80 C 2328.53 12137.27

5.00 28.00 121.98 238.97 9312.67 10556.19 75 C 74 C 2960.73 15394.07

25.00 5.50 121.98 168.66 5491.33 6224.59 80 C 82 B 2108.17 11002.07

30.00 4.70 121.98 167.84 5441.81 6168.46 81 B 82 B 2097.15 10945.31

0.5 ACH ACH
q50 

Equivalent

0.50 7.00 121.98 170.57 5604.87 6353.28 80 C 81 B 2133.43 11132.21

0.60 11.45 121.98 178.95 6097.20 6911.36 80 C 80 C 2243.04 11696.90

0.70 15.00 121.98 188.45 6650.66 7538.72 79 C 79 C 2366.39 12332.30

0.80 17.80 121.98 197.94 7182.12 8141.14 78 C 78 C 2484.92 12942.94

0.90 20.40 121.98 207.43 7726.69 8758.44 77 C 77 C 2606.46 13569.02

1.00 22.70 121.98 216.93 8213.99 9310.81 76 C 76 C 2715.26 14129.50

0.55 9.23 174.24 5822.32 6599.77 80 C 81 B 2181.83 11381.54



SAP 2009 MODEL SENSITIVITY ANALYSIS (WITH MVHR VENTILATION STRATEGY)

 Total Fabric 

Heat Losses 
Heat Loss Coefficient Space Heating Demand Space Heating Fuel

Carbon 

Emissions
Primary Energy

 Baseline Data 121.98           161.47 5236.78 5936.05 79.00 C 80.00 C 2230.31 11720.09

U Values (Wall) % Value

5.00          0.22               122.89           162.38 5282.88 5988.30 79.00 C 80.00 C 2240.58 11772.83

10.00        0.23               123.80           163.29 5328.92 6040.49 79.00 C 80.00 C 2250.80 11825.50

15.00        0.24               124.71           164.20 5374.89 6092.60 79.00 C 80.00 C 2261.01 11878.10

20.00        0.25               125.62           165.11 5420.86 6144.71 79.00 C 80.00 C 2271.22 11930.71

25.00        0.26               126.53           166.02 5466.79 6196.77 79.00 C 80.00 C 2281.43 11983.27

30.00        0.27               127.44           166.93 5512.57 6248.66 79.00 C 80.00 C 2291.60 12035.68

40.00        0.29               129.26           168.75 5604.15 6352.47 79.00 C 80.00 C 2311.95 12140.53

50.00        0.32               131.07           170.57 5695.48 6456.00 79.00 C 80.00 C 2332.26 12245.12

5.00-          0.20               121.07           160.56 5190.60 5883.70 79.00 C 81.00 B 2220.09 11667.27

10.00-        0.19               120.16           159.65 5144.41 5831.34 79.00 C 81.00 B 2209.83 11614.45

15.00-        0.18               119.25           158.74 5098.21 5778.97 79.00 C 81.00 B 2199.58 11561.62

20.00-        0.17               118.34           157.83 5051.92 5726.50 79.00 C 81.00 B 2189.30 11508.70

25.00-        0.16               117.43           156.92 5005.58 5673.97 80.00 C 81.00 B 2179.02 11455.74

30.00-        0.15               116.52           156.01 4959.22 5621.42 80.00 C 81.00 B 2168.74 11402.76

40.00-        0.13               114.70           154.19 4866.31 5516.11 80.00 C 81.00 B 2148.13 11296.59

50.00-        0.11               112.88           152.37 4773.26 5410.63 80.00 C 81.00 B 2127.50 11190.32

U Values (Roof) % Value

5.00          0.17               122.42           161.91 5259.11 5961.36 79.00 C 80.00 C 2235.30 11745.63

10.00        0.18               122.86           162.35 5281.43 5986.66 79.00 C 80.00 C 2240.25 11771.17

15.00        0.18               123.30           162.80 5303.74 6011.95 79.00 C 80.00 C 2245.21 11796.69

20.00        0.19               123.74           163.27 5326.04 6037.23 79.00 C 80.00 C 2250.16 11822.20

25.00        0.20               124.18           163.68 5348.37 6062.54 79.00 C 80.00 C 2255.12 11847.75

30.00        0.21               124.62           164.12 5370.67 6087.81 79.00 C 80.00 C 2260.07 11873.27

40.00        0.22               125.50           165.00 5415.20 6138.29 79.00 C 80.00 C 2269.97 11924.23

50.00        0.24               126.38           165.88 5459.67 6188.70 79.00 C 80.00 C 2279.85 11975.12

5.00-          0.15               121.53           161.03 5214.40 5910.68 79.00 C 80.00 C 2225.37 11694.50

10.00-        0.14               121.09           160.59 5192.03 5885.32 79.00 C 81.00 B 2220.40 11668.91

15.00-        0.14               120.65           160.15 5169.65 5859.95 79.00 C 81.00 B 2215.43 11643.31

20.00-        0.13               120.21           159.71 5147.29 5834.61 79.00 C 81.00 B 2210.47 11617.75

25.00-        0.12               119.77           159.27 5124.86 5809.18 79.00 C 81.00 B 2205.49 11592.10

30.00-        0.11               119.33           158.83 5102.45 5783.78 79.00 C 81.00 B 2200.52 11566.48

40.00-        0.10               118.45           157.95 5057.62 5732.96 79.00 C 81.00 B 2190.57 11515.22

50.00-        0.08               117.57           157.06 5012.71 5682.06 80.00 C 81.00 B 2180.60 11463.88

U Values (Floor) % Value

5.00          0.22               122.55           162.05 5266.10 5969.28 79.00 C 80.00 C 2236.85 11753.63

10.00        0.23               123.13           162.63 5295.39 6002.48 79.00 C 80.00 C 2243.35 11787.14

15.00        0.24               123.71           163.21 5324.66 6035.66 79.00 C 80.00 C 2249.85 11820.62

20.00        0.25               124.29           163.79 5353.93 6068.84 79.00 C 80.00 C 2256.35 11854.11

25.00        0.26               124.87           164.37 5383.20 6102.01 79.00 C 80.00 C 2262.86 11887.60

30.00        0.27               125.45           164.95 5412.42 6135.14 79.00 C 80.00 C 2269.35 11921.05

40.00        0.29               126.61           166.10 5470.78 6201.29 79.00 C 80.00 C 2282.31 11987.84

50.00        0.32               127.76           167.26 5529.09 6267.39 79.00 C 80.00 C 2295.27 12054.59

5.00-          0.20               121.40           160.89 5207.41 5902.76 79.00 C 80.00 C 2223.82 11686.50

10.00-        0.19               120.82           160.32 5178.05 5869.47 79.00 C 81.00 B 2217.30 11652.92

15.00-        0.18               120.24           159.74 5148.68 5836.18 79.00 C 81.00 B 2210.78 11619.33

20.00-        0.17               119.66           159.16 5119.28 5802.85 79.00 C 81.00 B 2204.25 11585.71

25.00-        0.16               119.08           158.58 5089.84 5769.49 79.00 C 81.00 B 2197.72 11552.06

30.00-        0.15               118.50           158.00 5060.42 5736.14 79.00 C 81.00 B 2191.19 11518.43

40.00-        0.13               117.35           156.84 5001.46 5669.30 80.00 C 81.00 B 2178.11 11451.03

50.00-        0.11               116.19           155.69 4942.47 5602.44 80.00 C 81.00 B 2165.02 11383.62

U Values (Windows/Doors) % Value

5.00          1.68               124.29           163.79 5353.93 6068.84 79.00 C 80.00 C 2256.36 11854.11

10.00        1.76               126.59           166.09 5470.19 6200.62 79.00 C 80.00 C 2282.18 11987.16

15.00        1.84               128.88           168.38 5575.53 6320.03 79.00 C 80.00 C 2307.81 12119.21

20.00        1.92               131.16           170.66 5677.13 6435.20 79.00 C 80.00 C 2333.24 12223.17

25.00        2.00               133.43           172.93 5787.38 6560.17 78.00 C 79.00 C 2358.47 12349.49

30.00        2.08               135.69           175.18 5896.81 6684.21 78.00 C 79.00 C 2383.52 12474.89

40.00        2.24               140.16           179.66 6112.80 6929.04 78.00 C 79.00 C 2433.00 12722.50

50.00        2.40               144.60           184.09 6325.17 7169.77 78.00 C 79.00 C 2482.54 12966.09

5.00-          1.52               119.65           159.15 5116.61 5799.83 79.00 C 81.00 B 2204.11 11575.87

10.00-        1.44               117.31           156.80 4999.47 5667.05 80.00 C 81.00 B 2177.70 11448.70

15.00-        1.36               114.96           154.46 4878.78 5530.24 80.00 C 81.00 B 2151.08 11309.69

20.00-        1.28               112.59           152.09 4760.97 5396.70 80.00 C 81.00 B 2124.29 11175.09

25.00-        1.20               110.22           149.71 4642.25 5262.13 80.00 C 82.00 B 2097.30 11039.51

30.00-        1.12               107.83           147.32 4522.54 5126.43 80.00 C 82.00 B 2070.12 10902.86

40.00-        0.96               103.01           142.51 4280.37 4851.93 81.00 C 82.00 B 2015.22 10626.64

50.00-        0.80               98.14              137.64 4034.59 4573.33 81.00 B 83.00 B 1959.63 10346.61

U Value (Party Wall) Value

0.10               125.18           164.68 5399.02 6119.95 79.00 C 80.00 C 2266.37 11905.71

0.50               138.02           177.52 6042.02 6848.81 78.00 C 79.00 C 2409.33 12642.19

Thermal Bridging y value

y=0.15 121.98           161.47 5236.78 5936.05 79.00 C 80.00 C 2230.31 11720.09

y=0.08 105.93           145.42 4416.59 5006.33 80.00 C 82.00 C 2048.49 10783.27

y=0.04 96.76              136.26 3943.36 4469.91 81.00 B 83.00 B 1943.84 10244.17

y=0.1 110.51           150.01 4652.13 5273.33 80.00 C 82.00 B 2100.65 11052.01

y=0.2 133.44           172.93 5813.51 6589.78 78.00 C 79.00 C 2358.50 12380.32

y=0.3 156.36           195.85 6940.67 7867.46 77.00 C 77.00 C 2609.49 13673.29

y=0.4 179.28           218.77 8030.02 9102.27 75.00 C 75.00 C 2852.52 14925.27

y=0.5 202.21           241.70 9082.05 10294.78 73.00 C 73.00 C 3087.53 16135.91

EI ratingSAP Rating



SAP 2009 MODEL SENSITIVITY ANALYSIS (WITH MVHR VENTILATION STRATEGY)

 Total Fabric 

Heat Losses 
Heat Loss Coefficient Space Heating Demand Space Heating Fuel

Carbon 

Emissions
Primary Energy

 Baseline Data 121.98           161.47 5236.78 5936.05 79.00 C 80.00 C 2230.31 11720.09

EI ratingSAP Rating

Air Pressure Test q50

7.00          121.98           161.47 5236.78 5936.05 79.00 C 80.00 C 2230.31 11720.09

8.00          121.98           165.65 5476.46 6207.73 79.00 C 80.00 C 2281.61 11984.19

9.00          121.98           169.83 5696.86 6457.56 78.00 C 80.00 C 2332.62 12246.98

10.00        121.98           174.01 5924.74 6715.86 78.00 C 79.00 C 2383.32 12508.17

11.00        121.98           178.18 6151.04 6972.39 78.00 C 79.00 C 2433.70 12767.68

12.00        121.98           182.36 6375.89 7227.26 77.00 C 78.00 C 2483.77 13025.64

13.00        121.98           186.54 6599.17 7480.36 77.00 C 78.00 C 2533.52 13281.91

14.00        121.98           190.72 6820.87 7731.65 77.00 C 77.00 C 2582.93 13536.45

15.00        121.98           194.90 7041.05 7981.24 79.00 C 79.00 C 5632.02 13789.35

6.00          121.98           157.29 5004.63 5672.90 80.00 C 81.00 B 2178.72 11454.17

5.00          121.98           153.11 4770.79 5407.83 80.00 C 82.00 B 2126.88 11187.12

4.00          121.98           148.94 4535.88 5141.56 80.00 C 82.00 B 2074.78 10918.74

3.00          121.98           144.76 4299.84 4874.00 81.00 C 82.00 B 2022.48 10649.30

MVHR Efficiency
 % 

Efficiency 

90.00        121.98           161.47 5236.78 5936.05 79.00 C 80.00 C 2230.31 11720.09

80.00        121.98           165.18 5424.12 6148.40 79.00 C 80.00 C 2271.95 11934.44

70.00        121.98           168.88 5610.79 6360.00 79.00 C 80.00 C 2313.43 12148.13

60.00        121.98           172.59 5796.56 6570.57 78.00 C 79.00 C 2354.73 12360.90

50.00        121.98           176.30 5981.42 6780.11 78.00 C 79.00 C 2395.85 12572.73

Divide by 20 Rule
 Division 

Factor 

 q50 

Eqivalent 

20.00        7.00               121.98           161.47 5236.78 5936.05 79.00 C 80.00 C 2230.31 11720.09

15.00        9.20               121.98           170.66 5742.53 6509.33 78.00 C 79.00 C 2342.81 12299.32

10.00        14.00            121.98           190.72 6820.87 7731.65 77.00 C 77.00 C 2582.93 13536.45

5.00          28.00            121.98           249.21 9767.69 11071.97 72.00 C 72.00 C 2340.99 16926.49

25.00        5.50               121.98           155.20 4887.73 5540.39 80.00 C 81.00 C 2152.93 11320.79

30.00        4.70               121.98           151.86 4700.43 5328.08 80.00 C 81.00 B 2111.27 11106.71

0.5 ACH ACH
 q50 

Equivalent 

0.10          5.00               121.98           153.28 4770.79 5407.83 80.00 C 81.00 B 2126.88 11187.12

0.20          5.50               121.98           155.33 4887.73 5540.39 80.00 C 81.00 B 2152.83 11320.79

0.30          6.00               121.98           157.38 5004.63 5672.90 80.00 C 81.00 B 2178.72 11454.17

0.40          6.50               121.98           159.43 5120.68 5804.44 79.00 C 81.00 B 2204.55 11587.23

0.50          7.00               121.98           161.47 5236.78 5936.05 79.00 C 80.00 C 2230.31 11720.09

0.60          7.50               121.98           163.53 5352.25 6066.93 79.00 C 80.00 C 2256.00 11852.27

0.70          8.00               121.98           165.58 5467.46 6197.53 79.00 C 80.00 C 2281.61 11984.19

0.80          8.50               121.98           167.63 5582.33 6327.73 79.00 C 80.00 C 2307.15 12115.76

0.90          9.00               121.98           169.68 5696.86 6457.56 78.00 C 80.00 C 2322.62 12246.98

1.00          9.50               121.98           171.73 5811.01 6586.95 78.00 C 79.00 C 2358.01 12377.80



Appendix 9 - Thermal Chamber Summary Data



COHEATING TEST DATA - THERMAL CHAMBER - ORIGINAL UNALTERED CONSTRUCTION (CONTROL TESTS)

Date
Mean Internal 

Temp (°C)

Mean External 

Temp (°C)

Temperature 

Difference (K)
TOTAL (Wh) TOTAL (W) HLC (W/K)

10K лT

25/05/13 23.57 10.19 13.38 2002 236 17.60

26/05/13 23.68 10.31 13.37 5567 232 17.35

27/05/13 23.55 10.30 13.25 5516 230 17.35

28/05/13 23.62 10.32 13.30 2683 233 17.54

28/05/13 27.36 10.82 16.53 3270 273 16.48

29/05/13 27.14 10.80 16.34 6600 275 16.83

30/05/13 26.90 10.76 16.14 4170 278 17.22

ヵK лT
30/05/13 25.85 5.27 20.58 2973 350 17.00

31/05/13 25.93 5.30 20.63 8349 348 16.86

01/06/13 25.92 5.22 20.70 8425 351 16.96

02/06/13 25.99 5.26 20.72 8416 351 16.92

03/06/13 25.98 5.20 20.78 3479 348 16.74

COHEATING TEST DATA - THERMAL CHAMBER - SOLID BRICK WALL CONSTRUCTION

Date
Mean Internal 

Temp (°C)

Mean External 

Temp (°C)

Temperature 

Difference (K)
TOTAL (Wh) TOTAL (W) HLC (W/K)

10K лT

03/08/13 24.91 14.84 10.07 4547 189 18.82

04/08/13 24.93 14.90 10.03 4416 184 18.34

05/08/13 24.90 14.88 10.02 4427 184 18.41

06/08/13 24.89 14.90 9.99 4450 185 18.56

07/08/13 24.86 14.93 9.93 4453 186 18.69

08/08/13 24.89 14.81 10.07 4451 185 18.41

ヱヵK лT
16/07/13 25.23 9.57 15.67 6586 274 17.52

17/07/13 25.20 9.61 15.58 6632 276 17.73

18/07/13 25.21 9.62 15.59 6609 275 17.66

19/07/13 25.22 9.61 15.61 6583 274 17.58

20/07/13 25.19 9.67 15.52 6559 273 17.61

21/07/13 25.16 9.69 15.47 6557 273 17.66

22/07/13 25.18 9.64 15.55 6538 272 17.52

23/07/13 25.14 9.65 15.50 6500 271 17.48

25/07/13 25.35 9.75 15.60 6509 271 17.39

26/07/13 25.44 9.77 15.67 6515 271 17.32

27/07/13 25.39 9.75 15.64 6509 271 17.34

28/07/13 25.33 9.76 15.56 6479 270 17.34

29/07/13 25.35 9.75 15.59 6496 271 17.36

ヵK лT
31/07/13 24.50 4.69 19.81 8567 357 18.02

01/08/13 24.28 4.61 19.66 8551 356 18.12

02/08/13 24.30 4.60 19.71 5277 352 17.85

SOLAR TESTS SOLAR (W/m
2
)

10/08/13 24.81 9.99 14.82 5481 228 15.41 222.98

11/08/13 24.78 10.00 14.77 5532 231 15.60 222.91

12/08/13 24.74 10.15 14.58 2782 232 15.90 222.05

16/08/13 25.57 11.65 13.92 5799 242 17.35 99.83

17/08/13 25.57 11.69 13.88 5929 247 17.79 99.43

18/08/13 25.51 11.67 13.84 5945 248 17.89 98.77

14/08/13 25.57 12.22 13.35 5615 234 17.53 192.09

15/08/13 25.57 12.17 13.40 5497 229 17.09 191.04

16/08/13 25.51 12.19 13.32 2722 227 17.03 193.60

17/08/13 25.85 12.82 13.03 4753 198 15.19 348.97

18/08/13 25.88 12.70 13.18 4693 196 14.83 345.28

09/09/13 25.87 12.36 13.51 4777 199 14.74 342.70



COHEATING TEST DATA - THERMAL CHAMBER - SOLID BRICK WALL & EXTERNAL INSULATION CONSTRUCTION

Date
Mean Internal 

Temp (°C)

Mean External 

Temp (°C)

Temperature 

Difference (K)
TOTAL (Wh) TOTAL (W) HLC (W/K)

ヱヰK лT
15/10/13 26.21 15.24 10.97 4003 167 15.21

16/10/13 26.21 15.31 10.90 3887 162 14.86

17/10/13 26.18 15.22 10.96 3863 161 14.69

18/10/13 26.16 15.25 10.91 3825 159 14.61

ヱヵK лT
08/10/13 26.26 10.43 15.84 5876 245 15.46

09/10/13 26.19 10.39 15.80 5496 229 14.50

10/10/13 26.06 10.38 15.69 5445 227 14.46

11/10/13 26.11 10.30 15.80 5438 227 14.34

12/10/13 26.04 10.32 15.73 5432 226 14.39

13/10/13 26.02 10.39 15.63 5387 224 14.36

14/10/13 26.09 10.61 15.48 2506 228 14.72

ヵK лT
19/10/13 26.00 5.40 20.60 6693 279 13.54

20/10/13 25.96 5.36 20.60 6848 285 13.85

21/10/13 25.98 5.35 20.63 6885 287 13.91

22/10/13 26.02 5.40 20.62 6841 285 13.82

23/10/13 26.00 5.43 20.57 3415 285 13.84

SOLAR TESTS SOLAR (W/m
2
)

08/11/13 25.53 10.06 15.47 5372 224 14.47 102.00

09/11/13 25.49 10.08 15.42 5383 224 14.55 102.25

10/11/13 25.52 10.03 15.48 5423 226 14.59 99.54

11/11/13 25.56 10.04 15.52 5356 223 14.38 101.97

25/10/13 25.73 10.13 15.61 5194 216 13.87 231.22

26/10/13 25.70 10.13 15.57 5163 215 13.82 231.98

27/10/13 25.65 10.07 15.58 5155 215 13.79 231.09

23/10/13 25.62 10.74 14.87 4698 196 13.16 373.68

24/10/13 25.69 10.66 15.02 4593 191 12.74 371.27

25/10/13 25.77 10.34 15.44 2074 207 13.44 371.30



Appendix 10 - BRE Calculator U-Value Calculations





Appendix 11 � Thermal Chamber Solar Cycle Graphs



100W Solar Cycle Test Temperature Profile Graphs 

 

Uninsulated Brick Wall に 100W Cycle に Temperature Profile 

 

 

Insulated Brick Wall に 100W Cycle に Temperature Profile 

 



200W Solar Cycle Test Temperature Profile Graphs 

 

Uninsulated Brick Wall に 200W Cycle に Temperature Profile 

 

 

Insulated Brick Wall に 200W Cycle に Temperature Profile 

 

 



350W Solar Cycle Test Temperature Profile Graphs 

 

Uninsulated Brick Wall に 350W Cycle に Temperature Profile 

 

 

 

Insulated Brick Wall に 350W Cycle に Temperature Profile 

 



100W Solar Cycle Test Heat Flux Profile Graphs 

 

Uninsulated Brick Wall に 100W Cycle に Heat Flux Profile 

 

 

Insulated Brick Wall に 100W Cycle に Heat Flux Profile 

 



200W Solar Cycle Test Heat Flux Profile Graphs 

 

Uninsulated Brick Wall に 200W Cycle に Heat Flux Profile 

 

 

Insulated Brick Wall に 200W Cycle に Heat Flux Profile 

 

 



350W Solar Cycle Test Heat Flux Profile Graphs 

 

Uninsulated Brick Wall に 350W Cycle に Heat Flux Profile 

 

 

Insulated Brick Wall に 350W Cycle に Heat Flux Profile 
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