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Abstract 

The aim of this study is to examine the effect of a major domestic energy efficiency 

refurbishment programme on domestic space heating fuel consumption.  The case 

study dwellings were monitored either before or after (or both) the introduction of 

energy efficiency retrofit measures such as cavity wall insulation, loft insulation, 

draught stripping and energy efficient heating system.  Property and utility 

consumption data were collected and half-hourly living room and main bedroom 

temperatures were monitored for two to four week period over two winters from a total 

of 1372 households selected from five major urban areas in England.  Space heating 

fuel consumption was normalized to account for variation in the indoor-outdoor 

temperature difference and the dwelling floor area.  The findings show that cavity wall 

and loft insulation can reduce the space heating fuel consumption by 10% in centrally 

heated properties and 17% in non-centrally heated properties.  However, the 

introduction of a gas central heating system, although theoretically more efficient, has 

no significant impact in reducing fuel consumption even after adjusting for increased 

internal temperature.   

Keyword 

Space heating, energy efficiency, refurbishment, fuel consumption, degree days, 

English dwellings 

1.  Introduction 

Increased building energy efficiency is the principle method adopted by the UK 

government to reduce morbidity and mortality associated with the fuel poor households 

in the UK [1-3].  Warm Front (WF) is a major government funded energy efficiency 

scheme in England targeting the vulnerable householders living in private tenure and 
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receiving income-related or disability benefits.  The scheme’s main aim is to alleviate 

fuel poverty by providing grants for the installation of cavity wall insulation, loft 

insulation, draught proofing and depending on the householder’s qualification for the 

scheme, the option of gas wall convector heaters or a gas central heating system [4].   

The other motivation for improving the energy efficiency of the building stock is to 

conserve fossil fuels and reduce carbon emissions.  However, the benefits of energy 

efficiency are often taken as improved thermal comfort and not reduced fuel 

consumption; this is particularly the case with the fuel poor [5].  This difference 

between the theoretical and the actual fuel consumption is often referred to as the “take 

back” or the “comfort factor”.   

In 2001, the “Health Impact Evaluation of Warm Front” study was commissioned to 

investigate the effect of the WF scheme on resident health in England.  Household 

and property data from 3489 households was collected over two successive winters 

including detailed monitored data on indoor temperature and fuel consumption from a 

subset of 1372 households.  Based on this data, this paper examines the difference 

between the theoretical and actual fuel consumptions for space heating, normalized for 

temperature and floor area, in dwellings which have undergone or were about to 

undergo WF energy efficient refurbishment. 

2. Theoretical and actual fuel consumption 

The WF scheme has led to substantial improvements of both the living room and the 

bedroom temperatures which are likely to have benefits in terms of thermal comfort and 

well-being.  Results of the WF temperature study [6] indicated that the mean day-time 

living room temperature has increased from 17.9°C to 19.6°C and the night-time 



 8 

bedroom temperature from 15.9°C to 18.3°C bringing the indoor temperature close to 

the English average of 19.1°C and 18.5°C for the living room and the bedroom 

respectively [7].   

This paper examines the normalized space heating fuel consumption which is the 

energy consumed for space heating to raise the internal temperature by 1°C before 

and after the energy efficient improvements, i.e. taking into account the actual increase 

in energy use due to improved thermal comfort.  Two methods were used to calculate 

the normalized space heating fuel consumption:  The first method uses a model based 

on the theoretical building performance utilizing the theoretical improvement in fabric 

and heating system efficiency (section 3.3, equation 1) while the second method is 

based on the actual monitored temperature and fuel data (section 3.4, equation 2).  

Ideally, the results from both methods should be similar, but there are several reasons 

why the monitored fuel consumption can differ significantly from the theoretical.   

For example, air infiltration rate measurements of 191 WF properties have 

demonstrated that despite the introduction of measures designed to increase building 

airtightness, i.e. the addition of draught stripping and insulation, the air infiltration rate 

can rise [8].  This increase in air infiltration rate was due to the installation of a gas 

central heating system, particularly where the pipe work was laid under the suspended 

floor boards offsetting the impact of draught stripping. 

Also, the result from a preliminary analysis of infrared thermography images taken on 

the insulation condition of 72 post-intervention dwellings indicated that not all of the 

exposed exterior wall and loft space was completely insulated following the upgrade 

work whereas the theoretical assessment of insulation normally assumes 100% 
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insulation of the building fabric. 

Furthermore, a domestic energy efficiency study by Bell and Lowe [9] based on a 

different energy efficiency project showed that user behaviour can have a significant 

impact on how efficiently a dwelling is heated.  In that study, a 40% greater level of 

fuel consumption was recorded above the predicted level in a centrally heated dwelling 

because of the householder’s preference in the continued use of the existing and 

inefficient gas fire in combination with a new gas central heating system. 

3.  Methodology 

3.1 Property and household data 

3489 sets of household and property condition data were collected over two successive 

winters of 2001/02 and 2002/03 by a combination of surveying, interviewing and 

monitoring of 3099 dwellings participating in the WF energy efficiency scheme. The 

dwellings monitored and surveyed each year were a mixture of properties which had 

received the WF intervention mostly over the past six months and those due to receive 

the intervention; these properties formed the cross sectional comparison. In addition 

390 properties were surveyed pre-intervention in 2001/02 and then again post-

intervention in 2002/03; these properties formed the longitudinal comparison.   The 

dwellings were selected from five urban areas surrounding Birmingham, Liverpool, 

Manchester, Newcastle and Southampton to provide a good representation of the 

different physical environments, housing types and climate conditions of England. 

3.2 Temperature and fuel data 

A total of 1484 sets of living room and bedroom temperature data (692 pre-intervention, 

568 post-intervention and 112 both pre- and post-intervention) were collected from a 

subset of 1372 dwellings.  Indoor temperature and relative humidity were continuously 
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measured at half-hourly intervals for periods of two to four weeks between December 

and early May by placing Gemini TinyTag data loggers in the main living room and the 

main bedroom of each case study dwelling.  Because indoor temperature is strongly 

influenced by external meteorological conditions, external temperature and humidity 

were also simultaneously recorded in central locations in each of the surveyed clusters.  

The temperature data was measured primarily to investigate the effect of the WF 

scheme on indoor temperature which has been presented in a separate paper [6].  In 

this study, the temperature data was used to determine the heating degree days 

described in section 3.4.2. 

A total of 2901 sets of fuel consumption data (1255 pre-intervention, 1162 post-

intervention and 242 both pre- and post-intervention) were also collected from a subset 

of 2659 dwellings.  The total fuel consumption for each house was recorded over the 

same two to four week period that the house was monitored for temperature by reading 

the gas and the electric meters each time when the data loggers were placed and 

removed.  With the consent of the householders, utility billing data for one to two year 

period was further obtained from utility companies for 100 surveyed properties. 

3.3 Modeled normalized space heating fuel consumption 

For each case study dwelling, the modeled normalized space heating fuel consumption 

was calculated using equation 1 based on the surveyed property physical data 

including the fabric thermal performance and the efficiency of the primary heating 

system, all of which are factors that the WF scheme is designed to improve. 

( )( )
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∑ +
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Where Emod is the modeled normalized space heating fuel consumption based on the 

building theoretical performance (Wh/K/m2/day), Ui is the thermal transmittance 

(W/K/m2) of the building fabric, Ai is the exposed surface area (m2) of the building fabric, 

N is the background air infiltration rate (air changes/hour), V is the internal dwelling 

volume (m3), Af is the total floor area (m2) of the dwelling, µ is the efficiency (%) of the 

primary heating system and the coefficient 24 (hours/day) is to convert the rate of fuel 

consumption (W/K/m2) into the rate of fuel consumed per day (Wh/K/m2/day).  

The background air infiltration rate of each dwelling was calculated from the surveyed 

building physical data (e.g. levels of draught stripping, floor construction type, number 

of open flues, etc.) using the ventilation algorithm in the domestic fuel consumption 

model Building Research Establishment Domestic Energy Model 8 (BREDEM 8) [10].   

3.4 Monitored normalized space heating fuel consumption 

For each case study dwelling, the space heating fuel consumption (section 3.4.1) was 

normalized for the variation in indoor-outdoor temperature and dwelling size using 

equation 2: 

f

mon

DDA

Q
E =      (2) 

 

Where Emon is the monitored normalized space heating fuel consumption 

(Wh/K/m2/day), Q is the space heating fuel consumption (Wh) derived from the 

monitored total fuel data (section 3.4.1), DD is the heating degree days (Kelvin day) 

over the monitored period (section 3.4.2), and Af  is the total floor area (m2) of the 
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dwelling.   

A total of 69 case study dwellings were eventually omitted from the comparison as a 

result of their monitored normalized space heating fuel consumption being null or close 

to null.  In many cases, this was due to the primary heating fuel being solid fuel or 

paraffin and in other cases due to broken boilers as sometimes indicated in the 

surveyor’s record.  There were cases where the unusually low level of space heating 

fuel consumption could not be explained other than suspecting vacated dwellings over 

the monitored period or overestimation of the non-heating related fuel consumption 

(section 3.4.1) or the heating degree days (section 3.4.2). 

3.4.1 Determining space heating fuel consumption 

No end-use space heating fuel consumption was monitored in the WF survey due to 

the high cost associated with sophisticated fuel-use monitoring equipment required for 

different types of heating system and the complexity of its installation.  Instead, the 

space heating fuel consumption, which is weather dominated, was determined by 

subtracting the summer fuel load from the monitored total fuel data collected in winter.  

The summer fuel load was calculated using a regression model derived to predict fuel 

consumption by non-heating appliances, and the model was developed based on the 

summer utility billing data of 100 dwellings and the surveyed information on appliance 

type, their frequency of use and occupancy as the predictor variables.   

The resulting regression model showed that the variable group consisting of occupancy 

number and type of water heater (gas or combination of gas and electric) was 

significant in predicting 55% of the variance in the summer gas consumption.  In the 

case of the summer electricity consumption, 70% was explainable by occupancy 
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number, shower frequency, type of water heater and the presence of refrigerator, 

freezer, dishwasher, television and electric cooker.  Lighting and machine washing 

were excluded as predictor variables since their ownership was prevalent in all the 

dwellings and their effects were instead taken up by the occupancy number and the 

residual term in the regression model.  Hot water boiler efficiency was also excluded 

as a model variable because of its low statistical significance.     

This model assumes that non-space heating energy use does not change from 

summer to winter.  However, this is unlikely to be the case due to many different 

reasons, for example, lighting may reduce in the summer as a result of increased 

daylighting, cooking may reduce during summer due to people spending less time 

indoors, fridges will use more energy and people may shower more but at a lower 

temperature.  Although each of these effects will be independently important, it is 

unlikely that they will impact significantly on the results of this paper as the WF scheme 

has minimum impact on non-space heating energy use. 

Based on the results of the regression model, it is estimated that space heating 

accounted for 71%, water heating 13%, lights and appliances 12% and cooking 4% of 

the winter monitored total fuel consumption.  In comparison, the distribution of fuel 

consumption in the UK domestic stock for the year 2001 is reported to be 62% for 

space heating, 23% for water heating, 12% for lights and appliances and 3% for 

cooking based on the total annual delivered energy [11].  Considering that the model 

prediction is based on the winter fuel consumption, the modeled space heating ratio of 

71% might appear to be underestimated compared to the UK average of 62% based on 

the annual fuel consumption.  On the other hand, since about half of the WF case 

study dwellings are in the pre-intervention group whose heating system is likely to be in 
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a substandard condition compared to an average UK dwelling, the model prediction 

can be considered to be reasonable.   

3.4.2 Heating degree days 

The heating degree days measure the severity of the winter heating requirement of a 

dwelling.  In this study, the heating degree days for each dwelling were calculated by 

summing the temperature difference between the daily mean internal base temperature 

and the daily mean external temperature over the two to four week monitored period.  

The equation used to calculate the heating degree days is as follows: 

( ) ( )[ ]∑∑ −−=−=
daysmon

extgainmit

daysmon

extbase TTTTTDD
..

 (3) 

Where DD is the heating degree days over the monitored period (Kelvin day), Tbase is 

the daily mean base temperature (°C), Tmit is the daily mean internal temperature (°C), 

Text is the daily mean external temperature (°C), Tgain is the daily mean temperature rise 

from incidental gains (°C) and mon.days is the total monitored days.  Section 3.4.3 

describes the method used to derive the mean internal temperature and section 3.4.4, 

the mean temperature rise from incidental gains.  The mean external temperature is 

derived directly from the monitored external temperature.   

3.4.3 Mean internal temperature 

In the WF survey, the main living room and the main bedroom temperatures were 

monitored in order to obtain temperatures representative of the main occupied rooms 

which would impact on health.  Because there were insufficient funds to monitor the 

temperature of every room, the temperature data of the two monitored rooms was used 
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to calculate the mean internal temperature throughout the dwelling to predict dwelling 

heat loss. 

It is normal for the living room temperature to be higher than the bedroom in a typical 

UK dwelling, and it is therefore assumed in some UK building thermal performance 

models that the rooms other than the living room are heated to a lower temperature 

often referred to as zone 2 [10].  However, the main bedroom temperature is a poor 

indicator of the average zone 2 condition as shown in the Hunt and Gidman’s study 

[12] which measured a significant difference in temperature among the zone 2 rooms 

with the main bedroom being heated to a higher temperature than the rest of zone 2.  

This indicates that the mean internal temperature can be overestimated if the main 

bedroom temperature is used to represent the average zone 2 condition.  Therefore, 

in this study, the temperature of each room in zone 2 was estimated based on the 

monitored main bedroom temperature adjusted by the typical zone 2 temperature 

profile for a centrally and a non-centrally heated dwelling measured by Hunt and 

Gidman (table 1).   

With every room temperature established, the next step was to determine the volume 

of each room to calculate the mean internal temperature of each dwelling by a volume 

weighted process.  As the WF survey did not measure the size of each room but only 

the size of the whole building, each room volume was estimated based on our 

measured dwelling dimension and the volumetric proportion that each room type takes 

up in a typical UK dwelling.  The volumetric proportion was determined from 16 

different BRECSU energy efficiency publications containing floor plans of typical UK 

dwellings similar to the WF dwellings [13]. The distribution of the room volume was 

found to be as follows:  living room 28%, kitchen 11%, circulation 15%, bathroom 8% 
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and bedroom 38%.  The variation in the volumetric proportion resulting from different 

number of bedrooms was relatively small compared to the variation observed among 

dwellings with the same number of bedrooms indicating other factors such as dwelling 

type and plan layout having a greater effect on the volumetric proportion.  However, 

no consideration was made for the different dwelling type due to the small sample size 

from which the volumetric proportion was estimated.   

3.4.4 Base temperature and temperature rise from incidental gains 

The base temperature is calculated as the mean internal temperature less the 

temperature rise from non-heating system heat inputs, i.e. occupancy, solar and 

appliance gains known as the incidental gain.  The temperature rise from incidental 

gains was derived by modeling each case study dwelling with BREDEM 8 model which 

calculates as a part of its algorithm incidental gains and its effect on indoor temperature 

for each calendar month [10].  The mean predicted temperature rise for the loft and 

cavity wall insulated dwellings was 4.2°C and for the non-insulated dwellings 2.6°C.  

The higher temperature rise in the insulated dwelling is due to the heat from the 

incidental gains being retained more effectively within the building.   Our predicted 

incidental gains temperature rise is similar to the conventional figures of 2.5 to 5.5°C 

which is the difference between the conventional heating base temperature of 15.5°C 

[14] adopted in the UK and the average indoor temperature range of 18 to 21°C. 

3.5 Standard Assessment Procedure 

The Standard Assessment Procedure (SAP) score, version 2001, was calculated for 

every case study dwelling from the surveyed property data.  SAP is the UK 

Government’s recommended system for home energy rating, and it is calculated on the 

basis of energy costs for space and water heating normalized for floor area.  The 

score is represented on a logarithmic scale which ranges from 1 (poor) to 120 
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(excellent); the mean national SAP score for England was 51 in 2001 [15].  

3.6 Statistical analysis 

The statistical analysis was carried out using the functions in the numerical softwares 

Microsoft Excel and SPSS.  Specifically, Excel’s single factor analysis of variance 

function was used to analyse the effect of the various dwelling characteristic (table 3) 

on normalized space heating fuel consumption while a two factor (between-groups) 

analysis was carried out using the univariate function in SPSS to analyse the combined 

effect of insulation and heating system on normalized fuel consumption (section 4.5.6).  

The summer fuel load described in section 3.4.1 was derived by using the regression 

function in Excel.   

4.  Results 

4.1 Dwelling characteristic 

Table 2 summarizes the dwelling characteristic of the WF case study dwellings 

reported in this paper.  The dwellings are characterized by low density occupancy: 

single occupancy dwellings make up the largest group at 38% followed by double at 

25% while dwellings with occupancy greater than or equal to four only make up 16%.  

58% of the dwellings are occupied by elderly householders aged 60 years or over.  

The typical physical description of a WF dwelling is a pre-1976, two-storeyed, terraced 

or semi-detached building with either a cavity or solid masonry wall.   

4.2 The effect of WF on SAP 

Figure 1 is a cross sectional comparison of the SAP distribution between the pre- and 

post-intervention dwellings. A total of 3105 (1592 pre-intervention, 1513 post-

intervention) SAP scores were derived from 3489 household surveys.  The figure 

shows a clear improvement in the SAP distribution following the WF measure; the 
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mean SAP score for the pre-intervention dwellings is 41 (std. 16) and for the post-

intervention dwellings 62 (std. 14).  On the other hand, there is a large overlap 

between the two samples where 28% of the pre-intervention dwellings have SAP 

scores greater than or equal to the English average of 51 while 20% of the post-

intervention dwellings have SAP scores lower than the English average despite the WF 

measure,. 

4.3 The effect of WF on total fuel consumption 

Figures 2A and 2B compare the longitudinal and the cross sectional monitored total 

daily fuel consumption unadjusted for the variation in indoor-outdoor temperature and 

floor area.  Both figures show higher levels of mean fuel consumption (gas and 

electric) among the post-intervention dwellings: a 35% increase in the longitudinal 

comparison and a 15% increase in the cross sectional comparison.  The higher level 

of fuel consumption among the post-intervention dwellings can be attributed to the 

“take back” factor particularly following the installation of a new heating system.  The 

variation in external meteorological condition is not considered to have a major 

influence in the longitudinal comparison since the average winter temperatures were 

similar in both surveyed years.  

4.4 The effect of WF on normalized space heating fuel consumption 

The monitored and the modeled normalized space heating fuel consumption for the 

pre- and post-intervention dwellings are compared in figures 3 and 4 for the longitudinal 

and the cross sectional cases respectively.  The leftward shift in the modeled post-

intervention distribution curve in figures 3A and 4A indicate the theoretical potential of a 

25 to 35% decrease in the mean normalized space heating fuel consumption from the 

WF upgrade.  The WF scheme, on the other hand, had little actual impact on the 

monitored normalized space heating fuel consumption as shown in both the 
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longitudinal (figure 3B, P-value > 0.34) and the cross sectional (figure 4B, P-value > 

0.78) comparisons.   

4.5 The effect of dwelling characteristic on normalized space heating 

consumption 

Table 3 compares the monitored and the modeled (shown in parenthesis) mean values 

of the normalized space heating fuel consumption for a range of property 

characteristics.   

4.5.1 Property age 

The modeled prediction shows that with decreasing building age, there is a 

corresponding reduction in the normalized space heating fuel consumption.  This is 

due to the lower level of fabric insulation found in older dwellings contributing to lower 

energy efficiency compared to well insulated modern dwellings.  In the case of the 

monitored result, improvement is observed only in the post-1976 dwellings, i.e. after 

the introduction of Building Regulations to control the use of fuel and power. 

4.5.2 Dwelling type 

The dwelling type reflects the amount of heat-loss surface area available to a building.  

Flats usually have the least exposed surface area followed by terraced, semi-detached 

and detached dwellings.  The modeled result shows that with increasing exposed 

surface area, the normalized space heating fuel consumption naturally increases.  

However, in the case of the monitored fuel consumption, this pattern is not observed 

and instead flats exhibit the greatest level of normalized fuel consumption followed by 

semi-detached, detached and terraced dwellings. 

4.5.3 Insulation 



 20 

In theory, the combination of cavity wall and full loft insulation results in the greatest 

reduction in the normalized space heating fuel consumption compared to the effect of 

any insulation measure alone.  A potential 49% reduction in the normalized space 

heating fuel consumption is observed in the modeled result when fully insulated 

compared to an 11% reduction based on the monitored result.  The modeled result 

also shows a proportional decrease in the normalized fuel consumption with increasing 

insulation level whereas no significant relationship is found between increasing 

insulation level and the actual fuel consumption. 

4.5.4. Primary heating system 

The type of primary heating system is arranged from the least efficient room heater to 

the most efficient new central heating system.  A central heating system is defined as 

old if a dwelling was centrally heated prior to the WF upgrade.  The modeled result 

shows a steady decrease in the normalized space heating fuel consumption with 

increased level of heating system efficiency.  The model predicts a potential reduction 

of 43% in fuel consumption by switching from room heaters to a new central heating 

system.  The monitored result however does not indicate any significant relationship 

between the heating system and the actual fuel consumption.  

4.5.5 SAP 

With increasing SAP (i.e. more energy efficient), there is a corresponding decrease in 

the modeled normalized space heating fuel consumption.  This is expected because 

SAP uses a similar algorithm to equation 1, and this relationship is shown in figure 5A 

where a logarithmic line is regressed as a function of SAP to allow for the logarithmic 

relationship between SAP and the normalized fuel consumption; however SAP is 

considerably more complex, and it is based on total space and water heating cost.  

The fitted line clearly shows a decrease in the normalized fuel consumption with 
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increasing SAP although the line underestimates fuel consumption for the low SAP 

dwellings and overestimates for the high SAP dwellings.   This is due to the effect of 

dwellings that use on-peak electricity as the primary heating system fuel resulting in 

low normalized fuel consumption (<100 Wh/K/m2/day) from high fuel efficiency of 

electric heaters and low SAP rating (<40) from high electricity cost. 

SAP, on the other hand, seems to be a poor indicator of the monitored space heating 

fuel consumption.  There is a poor significance in the relationship between SAP and 

the monitored fuel consumption as shown in table 3 (P-value = 0.72) while the 

horizontal slope of the regressed logarithmic line in figure 5B indicates little change in 

the actual fuel consumption across the SAP range.   

4.5.6 Insulation and primary heating system 

The normalized space heating fuel consumption is disaggregated in figure 6 by both 

heating system and insulation level in order to investigate the interactive effect of the 

two main WF energy efficiency measures on the normalized space heating fuel 

consumption.  Figure 6A shows that the addition of full insulation and a central heating 

system has the potential of reducing the normalized space heating fuel consumption by 

61%.  On the other hand, no significant effect from the combined measures is 

observed in the case of the monitored fuel consumption in figure 6B (P-value = 0.47).    

Figure 6B also shows that in its disaggregated form, a full insulation measure alone 

may actually have an effect in decreasing the normalized space heating fuel 

consumption by 10 to 17% (P-value = 0.06) whereas the heating system alone has no 

effect on the actual fuel consumption (P-value = 0.54).   

5.  Discussion 

5.1 The impact of WF on normalized space heating fuel consumption 
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The normalized space heating fuel consumption is the energy input into a dwelling to 

obtain a potentially useful one degree temperature rise in internal temperature (energy 

input/energy output) per unit floor area.  As such it is an inverse measure of the space 

heating energy efficiency (useful energy output/energy input) based on the fabric and 

services of the building.  The above results suggest that the potential improvement in 

energy efficiency from the installation of draught stripping, insulation and a gas central 

heating system was not observed, and that there appears to have been no reduction in 

fuel consumption as a result of the WF measures even after taking into account the 

increased temperatures in the post-intervention properties.  It is not unusual for 

energy improvements in buildings to not deliver the potential reduction in fuel 

consumption.  However, this is normally attributed to the so called “comfort factor”, i.e. 

energy efficient improvements being taken as improved comfort through maintaining 

higher temperature rather than as energy savings.  In this analysis however, this effect 

has been taken into account through the normalized space heating fuel consumption, 

and alternative explanations are required to account for the discrepancy between the 

monitored and the modeled results.  Two possible explanations can be hypothesized: 

the various factors used to normalize the monitored data are incorrect or the theoretical 

model is too simplistic. 

5.2 Errors in calculation of monitored normalized space heating fuel 

consumption 

Equation 2 requires the calculation of the normalized space heating fuel consumption 

from electricity and gas meter readings by normalizing for inside-outside temperature 

difference, using heating degree days and the total floor area.  The two greatest 

sources of error are in determining the space heating fuel consumption from the meter 

readings and the calculation of the heating degree days.   
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The space heating fuel consumption was derived by deducting the model predicted 

non-space heating fuel load from the winter meter readings.  The non-space heating 

fuel load was estimated by a statistical model with a 55 to 70% accuracy level in 

prediction.  Detailed data on the power consumption of each energy consuming 

household appliance and its frequency of use would have further increased the 

accuracy of the model, but no such data was available.  The water heating efficiency 

was not a significant predictor variable of the non-space heating fuel load, possibly due 

to the hot water load being more sensitive to the frequency of use than efficiency.  

Hypothetically, if the WF scheme had improved the efficiency of the water heating 

system then the predicted normalized space heating fuel consumption presented in this 

paper would increase in post-intervention, i.e. ignoring improvements in water 

efficiency can not explain the discrepancy between the monitored and the modeled 

results.  This is because in pre-intervention, the water heating efficiency would be low, 

hence hot water consumption high, which in turn would reduce the predicted space 

heating fuel consumption among the pre-intervention dwellings.  For post intervention 

properties, the opposite would occur i.e. an increase in the normalized space heating 

fuel consumption presented in this paper. 

In about 12% of the WF dwellings, the electric and gas heaters were supplemented by 

solid fuel or paraffin heaters or both for space heating.  Although no record was made 

of the frequency of their usage in the survey, the low level of monitored gas and 

electricity consumption mostly for space heating purposes indicated a great reliance on 

the non-utility fuel based heating system in many of the dwellings.  Although 

properties which relied heavily on this source of heating energy have been eliminated 

from the sample, about 11% of the remaining sample dwellings were still equipped with 

these heating systems with the possibility of their use; and the calculation of 
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normalized space heating fuel consumption based on the total gas and electricity data 

would portray these dwellings as being energy efficient.  Since it is likely that these 

alternative heating systems were used more prior to the WF measures being installed, 

this may explain why the post-intervention dwellings do not appear as efficient as they 

should. 

The degree day calculation is a complex process based on the critical assumptions 

about the average internal temperature of the dwelling deduced from the monitored 

data at just two locations in the dwelling.  Early in the investigation, the mean internal 

temperature was derived based on the assumption that the measured main bedroom 

temperature was representative of the average zone 2 condition i.e. all the house 

except the living room, an overestimated assumption particularly in the case of the non-

centrally heated pre-intervention WF dwellings [12].  This led to an overestimation of 

the mean internal temperature and the heating degree days resulting in low mean 

normalized space heating fuel consumption of 80 Wh/K/m2/day and 76 Wh/K/m2/day 

for the pre- and post-intervention dwellings respectively.  In comparison, the 

equivalent values following the between-room temperature adjustment described in 

section 3.4.3 were 119 Wh/K/m2/day for the pre- and 117 Wh/K/m2/day for the post-

intervention dwellings.  This sensitivity of the monitored normalized space heating fuel 

consumption to the mean internal temperature shows the importance of accurately 

estimating the average zone 2 temperature.  Although the temperature profile 

presented in the Hunt and Gidman study dates from 1978, this was considered 

appropriate for this study since most of the WF dwellings pre date 1976.  No house 

temperature study of similar scale based on the UK dwellings has been published since.   

5.3 Simplistic model 
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The model used in this paper is a very simple steady state model.  However, in its 

core structure, it is very similar to that used in SAP and other versions of BREDEM 

which are used in the Building Regulations and to formulate government energy policy.  

These models have been predominantly tested on newer buildings where comfort 

temperatures can be assumed and central heating is the norm.   

The biggest uncertainly and simplification in any building energy model is associated 

with the ventilation rate predictions. Model prediction based on the WF dwellings shows 

that heat loss by ventilation accounts for about 25% of the total space heating fuel 

consumption.  The building ventilation rate (N), which consists of both air infiltration 

and occupant ventilation, is therefore, one of the key input parameters in equation 1.  

In this paper, the ventilation rate is assumed to be independent of temperature and is 

simply dependent on the physical characteristic of the property. In practice both 

occupant air infiltration and occupant controlled ventilation will change with both indoor 

and outdoor temperature.  For example, a higher internal temperature for a given 

outdoor temperature will result in higher infiltration due to the stack effect.  Also, 

occupant window opening is known to be affected by external temperature [16] but is 

also likely to be affected by internal temperatures.  A comparison of average window 

opening days based on our household survey shows that a centrally heated dwelling is 

likely to open windows an average of 3.3 days per week compared to 2.9 days in a 

non-centrally heated dwelling indicating that the installation of a central heating system 

may also result in increased occupant venting through a feeling of 

overheating/stuffiness.   

Also when a proportion of the WF properties were pressure tested, the theoretical 

reduction in air infiltration due to draught stripping was not observed because the 
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installation of a gas central heating system, a measure not normally associated with 

ventilation, was found to increase the air infiltration rate by 13% [8]. In combination with 

air tightness measures such as draught stripping and insulation, the overall reduction in 

ventilation rate was only 4% for all the 191 pressure tested dwellings suggesting that 

the WF scheme has contributed little in reducing ventilation heat loss.  It is very likely 

that these unique conditions observed in the post-intervention dwellings will account for 

a source of difference between the monitored and the modeled ventilation rates.   

Similarly the area of insulation installed (U x A) is a significant input into the model.  A 

limited number of post-intervention WF properties were inspected by infrared camera 

which showed that for properties that had their cavity walls insulated, an average of 

20% of the cavity wall area was missing in insulation.  Similarly, 13% of the loft area 

that could be theoretically insulated had missing insulation.  Typically, missing wall 

insulation occurred along the height of the upper storey window lintel and the missing 

loft insulation along the ceiling edges near the eaves where retrofit insulation work is 

difficult to carry out due to restrictive height and the possibility of blocking the roof vents 

with insulation.  These limitations associated with retrofit insulation work are not taken 

into account in the model and could account for another source of discrepancy 

between the modeled and the monitored results.   

Another main input into the model is the efficiency of the heating system.  This is 

based on SEDBUK laboratory boiler tests.  In practice additional heat losses may 

occur for example through uninsulated under floor piping or incorrect installation of 

boilers and their controls.  No direct measure of heating system efficiency was 

undertaken as a part of the WF survey.  The simple model assumes that occupants 

utilize the most efficient heating system in the dwellings yet many of the dwellings 
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improved through the WF scheme retain their original inefficient room heaters as well 

as the new central heating.  Considering that the recipients of the gas central heating 

system are the elderly householders, it is possible that a combination of influences 

such as unfamiliarity with a new heating system, convenience of old habit and 

psychological comfort of being next to a visible flame may encourage continued use of 

the inefficient but familiar room heaters as a supplement to the gas central heating 

system.   

6.  Conclusion 

In the UK, improving the energy efficiency of the existing stock through schemes such 

as the Warm Front is one of the main strategies for delivering affordable warmth to the 

fuel poor households.  However, this paper suggests that the WF energy efficiency 

improvements may not be achieving the reductions in space heating fuel consumption 

that are theoretically assumed even after the effects of increased comfort have been 

taken into account.  Although loft and cavity wall insulation appear to reduce space 

heating fuel consumption by 10 to17% (table 3, figure 6B), it is still significantly less 

than the theoretically predicted level of 45 (figure 6A) to 49% (table 3).  This 

discrepancy is in part thought to be due to the incomplete insulation of the properties 

because in practice, it is difficult to insulate 100% of the exterior wall and roof when 

insulation work is carried out as a retrofit measure.  The introduction of a theoretically 

more efficient central heating system does not have a significant effect in decreasing 

the normalized fuel consumption.  Although a small proportion of this apparent lack of 

decrease may be due to un-metered fuel consumption prior to the installation of a 

central heating system, it is thought that other factors may play a significant role in this.  

For example, increased window opening in warmer centrally heated properties or 

continued use of inefficient heating systems even when a more efficient system is 
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introduced as well as increased dwelling air infiltration rate following the installation of a 

gas central heating system.  

The combination of observed increase in thermal comfort [6] with no decrease in the 

monitored normalized fuel consumption means that if all the sample dwellings were in 

fuel poverty prior to the WF energy efficiency measure, then the potential improvement 

in health is gained at the expense of increased heating cost thereby moving them 

deeper into fuel poverty and compromising the government’s fuel poverty strategy. On 

the other hand, the scheme has been criticized for not being sufficiency targeted on the 

fuel poor [17] partly explaining the lack of decrease in the normalized fuel consumption 

in the post-intervention dwellings whose average householders may be less conscious 

of energy cost than a sample consisting entirely of fuel poor households.  Therefore, 

dwellings where the occupants are in real fuel poverty and have high fuel costs which 

are a financial burden may respond differently to the WF intervention.  Recent 

changes have been introduced to the WF scheme which will help better target those in 

fuel poverty while future investigation will examine the number of dwellings monitored 

in this study that are occupied by the fuel poor. In addition, a more detailed analysis will 

be undertaken, including a sensitivity analysis to asses the impact of all the 

assumptions presented in this paper to better understand the discrepancy between the 

monitored and the modeled fuel consumption. 

Finally, the great difference shown between the modeled and the monitored normalized 

space heating fuel consumption strongly suggests the importance of using empirical 

data to assess the impact of energy efficient improvements to dwellings.  For any 

similar future investigation, it is recommended that temperature monitoring should be 

carried out in every room and detailed record kept of fuel consumed by all space 
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heating appliances. 
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Table 1 
Variation in zone 2 room temperature relative to the main bedroom temperature  
 

zone 2 room type 

adjustment to the main 
bedroom temperature in  
centrally heated dwellings 
(°C) 

adjustment to the main 
bedroom temperature in 
non-centrally heated 
dwellings (°C) 

living room 2 +0.3 +1.2 
kitchen +0.8 +2.2 
circulation -0.1 +0.4 
bathroom -0.2 -0.1 
main bedroom (baseline) 0.0 0.0 
bedroom 2 -0.9 -0.7 
bedroom 3 -1.1 -1.3 
bedroom 4 -1.2 -1.3 

 
 
Table 2 
Building and occupancy characteristic of the case study dwellings (n=1372) 
 

dwelling 
characteristic 

category proportion (%) 

1 38 

2 25 

3 21 

4 7 

5 5 

occupancy 
number 

>= 6 4 

< 60 42 occupant 
age >= 60 58 

pre 1900 11 

1900-1949 52 

1950-1976 32 

property 
age 

post 1976 5 

flat 7 

terraced 51 

semi-detached 38 

building 
type 

detached 5 

cavity masonry 68 

solid brick 29 

timber frame 1 

building 
construction 

concrete 2 

single storey 12 

two storey 86 
building 
height 

three storey 2 
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Table 3 
Comparison between the monitored and the modeled normalized space heating fuel 
consumption (n = 1415) 
 

 

unit heating 

fuel load 

monitored (modeled) 

change relative to 

baseline group 

monitored (modeled) 

sample 

size 

P-value 

monitored 

(modeled) 

 Wh/K/m
2
/day % no. (%)  

Warm Front status     

Pre-intervention 

Post-intervention 

118.6 (141.8) 

117.4 (93.3) 

0.0 

-1.0 (-34.2) 

695 (49.1) 

720 (50.9) 

0.78 

 (<0.01) 

property age     

pre-1900 

1900-1949 

1950-1976 

post-1976 

112.0 (140.6) 

117.3 (125.7) 

124.1 (100.0) 

93.6 (90.1) 

0.0 

4.7 (-10.6) 

10.8 (-28.8) 

-16.4 (-35.9) 

136 (9.6) 

755 (53.4) 

460 (32.5) 

64 (4.5) 

0.03 

(<0.01) 

dwelling type     

flat 

terraced 

semi-detached 

detached 

150.0 (98.1) 

109.7 (116.9) 

122.8 (120.0) 

118.7 (122.5) 

0.0 

-26.9 (19.2) 

-18.1 (22.3) 

-20.9 (24.9) 

94 (6.6) 

694 (49.0) 

560 (39.6) 

67 (4.7) 

<0.01 

(<0.01) 

insulation     

no insulation 

partial loft insulation only 
a
 

full loft insulation only 
b 

wall insulation only 

wall + partial loft insulation 

wall + full loft insulation 

127.2 (157.8) 

119.7 (147.8) 

117.4 (132.9) 

126.8 (114.9) 

130.7 (97.4) 

112.9 (80.9) 

0.0 

-5.9 (-6.3) 

-7.7 (-15.8) 

-0.3 (-27.2) 

2.7 (-38.3) 

-11.2 (-48.7) 

165 (11.7) 

151 (10.7) 

512 (36.2) 

22 (1.6) 

67 (4.7) 

498 (35.2) 

0.31 

(<0.01) 

primary heating system     

gas fire 

old central heating 

new central heating 

118.0 (156.6) 

113.6 (109.6) 

120.4 (89.1) 

0.0 

-3.7 (-30.0) 

2.0 (-43.1) 

485 (34.2) 

339 (24.0) 

591 (41.8) 

0.48 

(<0.01) 

SAP 
c
     

<= 30 

31-40 

41-50 

51-60 

61-70 

>= 71 

113.5 (188.6) 

121.2 (155.3) 

123.6 (128.2) 

116.4 (104.3) 

118.7 (85.9) 

113.6 (65.3) 

0.0 

6.8 (-17.7) 

8.9 (-32.0) 

2.6 (-44.7) 

4.6 (-54.5) 

0.7 (-65.4) 

194 (13.7) 

186 (13.1) 

258 (18.2) 

280 (19.8) 

269 (19.0) 

228 (16.1) 

0.72 

(<0.01) 

a
 insulation thickness:   <100 mm 

b
 insulation thickness:   >=100 mm 

c
 SAP 2001 
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Figure 1  
Cross sectional comparison of SAP distribution between pre- and post-intervention 
dwellings 
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Figure 2  
Comparison of longitudinal and cross sectional monitored total daily fuel consumption 
between pre- and post-intervention dwellings 
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(B) Cross sectional 
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Figure 3 
Comparison of longitudinal normalized space heating fuel consumption between pre- 
and post-intervention dwellings 
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Figure 4 

Comparison of cross sectional normalized space heating fuel consumption between 
pre- and post-intervention dwellings 
 
(A) Modeled 
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Figure 5 
Comparison of normalized space heating fuel consumption and SAP 
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Figure 6 
Normalized space heating fuel consumption disaggregated by primary heating system 
and insulation level 
a 

partial loft insulation (<100mm) without wall insulation or full loft insulation (>=100mm) without wall 

insulation or wall insulation without loft insulation or wall + partial loft insulation 
b 

wall + full loft insulation (>=100mm) 

 
(A) Modeled 

104.7

(n=106)

165.7

(n=301)

191.9

(n=78)

74.5

(n=392)

109.8

(n=451)

127.2

(n=87)

40

60

80

100

120

140

160

180

200

220

no insulation partial insulation full insulation 

n
o
rm

a
liz

e
d

 s
p
a

c
e
 h

e
a

ti
n
g

 f
u
e

l 
c
o
n

s
u
m

p
ti
o

n

(W
h
/K

/m
2
/d

a
y
)

room heater

central heating

a b
 

 
(B) Monitored 

104.3

(n=106)

126.3

(n=78)

120.7

(n=301)
115.2

(n=392)

118.4

(n=451)

127.9

(n=87)

40

60

80

100

120

140

160

180

200

220

no insulation partial insulation full insulation 

n
o
rm

a
liz

e
d

 s
p

a
c
e
 h

e
a
ti
n
g

 f
u
e
l 
c
o
n
s
u
m

p
ti
o
n

(W
h
/K

/m
2

/d
a
y
)

room heater

central heating

a b
 



 40 

 

APPENDIX 2:  Warm Front Evaluation and Monitoring: Additional Analysis of 

the Health Impact Evaluation of Warm Front Energy Efficiency Data 
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Summary 

1.  An earlier study titled The Impact of Energy Efficient Refurbishment on the Space 

Heating Fuel Consumption in English Dwellings has found that the Warm Front 

scheme may not be achieving the 60% improvement in domestic energy efficiency 

that is theoretically expected.  This report looks into the reason behind the lack of 

observed energy efficiency even after taking into account the temperature 

improvement. 

2.   Energy efficiency is quantified as the amount of space heating energy required to 

deliver one Kelvin degree day of useful temperature per unit floor area of a dwelling.  

Two methods are used to quantify energy efficiency.  The first method is based on 

a theoretical model utilizing the theoretical performance of the fabric and the 

heating system and the second method is based on the actual monitored 

temperature and fuel consumption data. 

3.   The property, household, temperature and fuel data from a total of 1281 dwellings 

are analysed in this report.  Modifications to the analysis have been introduced 

since the earlier study by excluding dwellings with un-metered fuel heating 

appliance and by further improving the accuracy of the predicted fuel consumed for 

space heating. 

4. A comparison between the actual and the theoretically predicted energy efficiencies 

indicate significant discrepancies between the two results.  On the one hand, there 

is a general disagreement between the predicted results which makes direct 

comparison difficult while on the other hand, the theoretically expected level of 

response to the energy efficiency measure is not observed in the actual result.    

5.   A series of sensitivity analysis is carried out on the determinant variables of the 

predicted energy efficiency to find an explanation for the discrepancy between the 

actual and the theoretically predicted results.  In most cases, the analysis is of 

hypothetical nature investigating what-if scenarios required to explain the 

discrepancy whereas in cases where actual data is available, adjustments are 

introduced to the prediction models to improve their agreement.  

6.   Adjustments introduced to the prediction models result in only a marginal change 
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in the discrepancy between the two results while sensitivity analysis indicates that 

no variable by itself can provide a reasonable explanation.  In order to improve the 

accuracy of the energy efficiency evaluation, more data based on actual 

measurement is needed. 

1. Introduction 

The Warm Front scheme is a domestic energy efficient refurbishment program in 

England designed to improve the winter indoor temperature among the vulnerable fuel 

poor households by improving the efficiency of the heating system and the thermal 

performance of the building fabric.  The main elements comprising the WF energy 

efficiency measures are cavity wall insulation, loft insulation, draught stripping and 

depending on the householders’ qualification, the option of a hot water tank jacket and 

gas wall convector heaters or a gas central heating system.  

In 2001, the “Health Impact Evaluation of Warm Front” study was commissioned to 

investigate the effect of the Warm Front scheme on the householder health 

[1][2][3][4][5], indoor environment [6][7] and fuel consumption [8].  This study was 

based on an extensive set of household and property data from 3099 dwellings 

collected over two successive winters of 2001/02 and 2002/03 from five urban clusters 

of Birmingham, Liverpool, Manchester, Newcastle and Southampton. 

As a part of this study, the impact of the Warm Front scheme on the domestic space 

heating fuel consumption was investigated and the preliminary results published in the 

paper titled The Impact of Energy Efficient Refurbishment on the Space Heating Fuel 

Consumption in English Dwellings (WF-Energy Paper) [8, Appendix A] which indicated 

that the Warm Front scheme may not be achieving the energy efficiency that is 

theoretically expected.  This report develops on the findings of the WF-Energy Paper 

by attempting to answer the following question: 

Why does there appear to be no reduction in carbon emissions from 

energy efficiency improvements even after taking account of 

temperature improvements?   

Figure 1 compares the distribution of the total daily fuel consumption of the Warm Front 

dwellings before and after the Warm Front intervention.  This comparison is based on 

the actual monitored gas and electric meter readings over the surveyed period.  
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Although there is a great overlap between the two distributions, the rise in the mean 

value and the rightward shift in the normal distribution curve indicate greater fuel 

consumption following the WF intervention.   
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Figure 1.  Comparison of actual total daily fuel consumption 
before and after Warm Front intervention (WF-Energy Paper, n = 2901) 
 
 
The observed increase in fuel consumption can be accounted for by improved thermal 

comfort following the Warm Front intervention, an effect known as the “take back” or 

the “comfort factor”.  In fact, the Warm Front scheme is designed to deliver thermal 

comfort through the take back effect, and the scheme has been effective in that a 1.6°C 

rise in the mean daytime living room temperature and a 2.8°C rise in the mean night 

time bedroom temperature were observed following the introduction of insulation and 

heating measures [6].  This increase in temperature is likely to benefit the well-being 

of the householders, but it also confirms that the benefit of energy efficiency does not 

all translate into reduced fuel cost.   

In the WF-Energy Paper, the impact of the Warm Front scheme on the space heating 

fuel consumption was investigated by taking into account the take back factor.  This 

was achieved by normalizing fuel consumed for space heating against the inside-

outside temperature difference and the dwelling floor area.  This quantity was labelled 

as the normalized space heating fuel consumption, and it describes how efficiently fuel 

is consumed by the space heating appliance to deliver a 1°C temperature rise inside a 

dwelling per unit floor area.   
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Two different methods were used to calculate the normalized space heating fuel 

consumption.  The first method used the actual monitored fuel and temperature data 

(monitored normalized space heating fuel consumption) and the second method was 

based on the theoretical performance of the building fabric and the heating system 

(modelled normalized space heating fuel consumption).  Since the WF-Energy Paper, 

further improvements have been introduced in calculating the monitored normalized 

space heating fuel consumption, and these are described in the methodology section.  

In figure 2, the estimated marginal means of the modelled and the monitored 

normalized space heating fuel consumption are compared disaggregated by the main 

Warm Front energy efficiency measures of insulation and heating system based on the 

results of the WF-Energy Paper.  It shows that the energy efficiency measures have 

no apparent impact (p = 0.47) on the monitored normalized space heating fuel 

consumption (solid line) whereas theoretically a 60% improvement in energy efficiency 

can be expected from a combination of insulation and central heating measures.  In its 

disaggregated form, it appears that adding a full insulation measure may improve the 

monitored energy efficiency by 10 to 17% (p = 0.06) whereas a gas central heating 

system alone has no significant impact (p = 0.54). 
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Figure 2.  Estimated marginal means of normalized space heating fuel consumption 
by type of heating system and insulation level (WF-Energy Paper, n = 1415) 
 
 
This observation suggests that the improvement in thermal comfort may be gained at 

the expense of increased heating cost to the householders, and several factors are 
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thought to contribute to the apparent lack of improvement in energy efficiency. On the 

one hand, simplified assumptions introduced in the analysis may have influenced the 

accuracy of the results while, on the other hand, the theoretically expected level of 

energy efficiency can not be attained in actual situations and less likely in retrofit work.  

It is believed that the discrepancy between the monitored and the modelled normalized 

space heating fuel consumption is a combination of these factors, several of which 

have been hypothesised as follows: 

a) The area of insulated façade post Warm Front is less than the 

theoretical value assumed 

b) The heat loss impact of draught stripping is less than predicted by 

theoretical ventilation modelling 

c) Theoretical central heating efficiencies are not being achieved 

d) A percentage of occupants carry on using their old inefficient room 

heaters (e.g. gas wall heaters, electric bar heaters) although they have 

new central heating systems 

e) Hot water usage changes post Warm Front 

f) Occupants increase their room ventilation as a result of the introduction 

of central heating and or higher internal room temperatures 

g) The temperatures in rooms which were not monitored have changed in 

a different way to that modelled pre and post Warm Front 

This report involves a series of sensitivity analysis investigating the hypothetical and 

the actual impact of different assumptions in explaining the discrepancy between the 

monitored and the modelled normalized space heating fuel consumption.  This report 

is a final deliverable of the extended Health Impact Evaluation of Warm Front project 

funded by Defra. 
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2.   Methodology 

2.1   Data collection 

3099 case study dwellings were surveyed from five major urban clusters around 

Birmingham, Liverpool, Manchester, Newcastle and Southampton to provide a good 

representation of the different physical environments, housing types and climate 

conditions of England.  Household and property condition data were collected from 

these dwellings over two successive winters of 2001/02 and 2002/03 by a combination 

of surveying and  interviewing.  The dwellings targeted each year were a mixture of 

properties which had received the Warm Front intervention mostly over the past six 

months and those due to receive the intervention. 

The main living room and the main bedroom temperature and relative humidity were 

continuously measured at half-hourly intervals using Gemini TinyTag data loggers for 

periods of two to four weeks between December and early May from a subset of 1372 

dwellings.  External conditions were also simultaneously recorded in central locations 

in each of the surveyed clusters.   

Fuel consumption data was also collected from a subset of 2659 dwellings.  The total 

fuel consumption of each house was recorded over the same two to four week period 

that the house was monitored for temperature by reading the gas and electric meters 

each time the data loggers were placed and removed.  With the consent of the 

householders, utility billing data covering one to two year period was additionally 

obtained from utility companies for 100 surveyed properties. 

A subset of 191 dwellings were further targeted to carry out tests on air tightness using 

the fan pressurization method and thermal imaging using the infrared camera to record 

areas of air ingress and missing wall and loft insulation. 
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2.2   Monitored normalized space heating fuel consumption 

The monitored normalized space heating fuel consumption (Emon) is calculated using 

the actual fuel consumption and the monitored temperature data.  This method is 

designed to provide an energy efficiency performance closest to the actual condition, 

and it is calculated by equation 1: 

Ɖ
Ɛ
ƒ
Ƒ

Ńŧ
ŧ
Ť

ŴŨ =          (1) 

Where Emon is the monitored normalized space heating fuel consumption derived from 

monitored results (Wh/K/m2/day), Q is the monitored space heating fuel consumption 

(Wh), DD is the heating degree days (Kelvin day) over the monitored period and Af is 

the total floor area (m2) of the dwelling.  Sections 2.2.1 and 2.2.2 describe how the 

space heating fuel consumption and the heating degree days are obtained.  

2.2.1 Space heating fuel consumption (Q) 

In the Warm Front survey, fuel consumed for space heating was not specifically 

monitored, and instead, it is estimated by deducting model predicted non-space 

heating related fuel consumption from the actual winter utility data.  The model 

designed to predict the non-space heating related fuel use is a regression based model 

developed from the actual summer utility data of about 100 dwellings using the dwelling 

and household appliance data as the predictor variables.  The model is developed 

under the assumption that fuel is not consumed for space heating in summer.  

Prediction models are developed separately for gas and electricity which are then used 

to estimate dwelling specific summer fuel consumption for the rest of the Warm Front 

sample for which no actual summer fuel data is available. 

The summer gas consumption model is developed from 130 actual gas meter readings 

of 68 dwellings.  The model is significant in predicting 42% of the variance in summer 

gas consumption, and it is expressed by equation 2: 

Summer gas consumption (kWh/day) = 3.47 * household size – 3.63 * dwelling age +  

3.83 * gas cooker – 0.24 * gas water heater efficiency + 30.43   (2) 

The summer electricity consumption model is developed from 55 actual electricity 

meter readings of 30 dwellings.  The model is significant in predicting 60% of the 
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variance in the summer electricity consumption, and it is expressed by equation 3: 

Summer electricity consumption (kWh/day) = 0.83 * household size + 4.64 * proportion from 

electric water heater + 1.31 * electric cooker + 1.0 * number of television + 0.88  (3) 

In equation 3, the variable of proportion from electric water heater is a ratio ranging 

from 0 to 1 describing the proportion of domestic hot water supplied from electric type 

water heaters.  A variable of 0.5 is assigned to dwellings that use instant electric 

shower units along with a gas fuelled hot water system for non-shower use.  About 

38% of the Warm Front dwellings with a gas central heating system are equipped with 

at least one instant electric shower unit.   

A seasonal adjustment in lighting use is introduced based on a study by the Electricity 

Association which shows a 2.4 fold increase in the use of lighting in winter compared to 

the summer months [9].  This factor was multiplied to the household size coefficient of 

0.83 kWh/day which is assumed to be a good representation of the impact of 

household linked lighting use since a positive link between the household size and the 

use of lighting is described in the same study.  

A seasonal adjustment is also introduced to take into account the increased heat loss 

from the hot water tank in winter.  A study by Hart and de Dear shows increased 

domestic hot water energy consumption with decreasing external temperature in 

Australia [10].  For every rise in the heating degree day, the increase in fuel consumed 

for water heating ranged from140 Wh/day for the on/off peak immersion heater to 261 

Wh/day for the off-peak system.  In this study, the mean value of 200 Wh/day is 

applied for all dwellings with an immersion type heater regardless of the insulation 

condition.   

Based on the model prediction, the estimated winter daily non-space heating related 

electricity consumption is 10 kWh/day and gas consumption (i.e. cooking and hot 

water) 16 kWh/day for the Warm Front dwellings.  By subtracting the daily non-space 

heating related fuel consumption from the total daily fuel consumption, the estimated 

daily fuel consumption for space heating (Q) is 54 kWh/day for a gas centrally heated 

dwelling and 40 kWh/day for a non-centrally heated dwelling.   

2.2.2 Heating degree days (DD) 

The heating degree days (DD) measure the severity of the winter heating requirement 
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of a dwelling.  The total heating degree days of each dwelling over the monitored 

period are calculated using the half-hourly monitored living room, bedroom and exterior 

temperatures.  From the half-hourly temperature readings, total degree half hours over 

a single day are obtained and averaged to calculate the mean heating degree day 

which is then summed over the monitored period to obtain the total heating degree 

days as shown in equation 4:   

( ) ( )
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Where DD is the heating degree days over the monitored period (Kelvin day), Tbase is 

the half-hourly mean base temperature (°C), Tmit is the half-hourly mean internal 

temperature (°C), Text is the half-hourly external temperature (°C), Tgain is the mean 

temperature rise from incidental gains (°C) and mon.days is the total number of 

monitored days. 

Tbase is calculated as the Tmit less Tgain.  Tgain is obtained by modelling each case study 

dwelling with the Building Research Establishment Domestic Energy Model 8 

(BREDEM8) which estimates temperature rise from incidental gains such as 

occupancy, solar radiation and cooking [11].  The mean estimated Tgain for a well 

insulated dwellings is 4.2°C and for the non-insulated dwellings 2.6°C.  The higher 

temperature rise in the insulated dwelling is due to the heat from the incidental gains 

being retained more effectively within the building.   The BREDEM model predicted 

Tgain is similar to the UK figures of 2.5 to 5.5°C which is the difference between the 

conventional heating base temperature of 15.5°C adopted in the UK and the average 

indoor temperature range of 18 to 21°C. 

2.2.3 Mean Internal Temperature (Tmit) 

Tmit is calculated from the monitored living room and the main bedroom temperatures.  

One of the main sources of potential uncertainty in calculating the heating degree days 

come from Tmit because it is essential that some estimate of the temperatures in other 

non-monitored rooms – kitchen, circulation, bathroom and other bedrooms – in zone 2 

be made.  It is known that the heating system has a significant impact on room 

temperatures where higher and more uniform temperature distribution among rooms is 

associated with centrally heated dwellings.  It is also likely that the same occurs with 
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increased insulation but its exact impact on the room temperature relationship is 

currently unknown.  

In this report the temperature of the non-monitored rooms in the Warm Front dwellings 

are estimated based on the monitored main bedroom temperature which is adjusted by 

the between-room temperature variation obtained from a study b Hunt and Gidman [12] 

and the Carbon Reduction in Buildings Project [13].  The monitored living room 

temperature, often referred to as zone 1, is not used as a reference in estimating the 

temperature in the zone 2 rooms because, being the warmest part in a dwelling, it 

poorly reflects the impact of energy efficiency and householder socio-economic status 

on the heating pattern of the rest of the less well heated part of the dwelling. 

In the Hunt and Gidman study, spot temperature measurements of every room in 1000 

UK dwellings were measured and the type of main heating system recorded.  

Although the insulation condition of the dwellings is not mentioned in the study, it is 

assumed that most of the case study dwellings were either poorly insulated or had no 

insulation.  This is probably a fair assumption as the study was carried out in 1978. 

In the Carbon Reduction in Buildings Project, the internal temperature of every room in 

15 dwellings in Milton Keynes Energy Park was measured.  All of these dwellings are 

of conventional residential design in the UK but were constructed to better specification 

in energy efficiency terms each with a gas central heating system and a higher 

insulation level than the level required by the 1985 building regulations in force at the 

time of construction. 

Table 1 compares the difference in temperature between the zone 2 rooms and the 

main bedroom from the two temperature studies.  The zone 2 temperature variance is 

the greatest in the non-centrally heated (non-CH) group in the Hunt & Gidman study 

which shows a maximum difference of 3.5°C while the lowest occurs in the centrally 

heated group in the Hunt & Gidman study at 2.0°C.  The variance in the Milton Keynes 

study is 2.2°C which is greater than expected but this is due to the comparatively low 

temperature in the circulation area which when excluded results in a maximum 

temperature range of 1.3°C. 

zone 2 room Hunt & Gidman 
Milton Keynes 
Energy Park 
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no central heating 
(°C) 

central heating 
(°C) 

central heating 
full insulation 

(°C) 
living room 2 1.2 0.3 0.5 
kitchen 2.2 0.8 0.5 
circulation 0.4 -0.1 -1.4 
bathroom -0.1 -0.2 -0.6 
main bedroom (baseline) 0.0 0.0 0.0 
bedroom 2 -0.7 -0.9 -0.2 
bedroom 3 -1.3 -1.1 -0.5 
bedroom 4 -1.3 -1.2 -0.8 

Table Error! No text of specified style in document..1.  A comparison of zone 2 
between-room temperature profiles 
relative to the main bedroom temperature based on two temperature studies of UK 
dwellings 

 

Warm Front 
no central heating central heating temperature 

study 
heating 
system not 

insulated 
insulated 

not 
insulated 

insulated 

no central 
heating 

X    
Hunt & Gidman 

central 
heating 

 X X  

Milton Keynes 
central 
heating 

   X 

Table Error! No text of specified style in document..2.  Zone 2 between-room 
temperature profiles applied to the Warm Front dwelling according to its insulation 
condition and heating system 
 
 
Table 2 summarizes which temperature gradients from table 1 are matched to the 

Warm Front dwellings.  The temperature profile of the centrally heated group from the 

Hunt & Gidman’s study is selected to represent the Warm Front insulated but non-

centrally heated dwellings under the assumption that insulation will have a similar 

mitigating effect on between-room temperature variation as a gas central heating 

system. 

The room temperature gradient is then used to calculate the half-hourly room 

temperature of the zone 2 rooms and combined with the monitored living room and the 

bedroom temperatures, half hourly mean internal temperature is derived by a room 

volume weighted method. 

2.3   Modelled normalized space heating fuel consumption 

A second method is used to calculate the normalized space heating fuel consumption 

using equation 5 based on the theoretical building thermal performance obtained from 
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property data.  This model is based on a very simple steady state algorithm using 

simplified assumptions similar to that used in the BREDEM8 model.  This method can 

provide a good indication of the energy efficiency performance of a dwelling, and it is 

labelled as the modelled normalized space heating fuel consumption (Emod).  Equation 

5 is written as:   

( )
f

mod

µA

0.33NVUA24
E

+
=        (5) 

Where Emod is the modelled normalized space heating fuel consumption based on the 

building theoretical performance (Wh/K/m2/day), U is the U-value or the thermal 

transmittance (W/K/m2) of the building fabric, A is the exposed surface area (m2) of the 

building fabric, N is the background air change rate (air changes/hour), V is the 

dwelling volume (m3), Af is the total floor area (m2) of the dwelling, µ is the efficiency 

(%) of the primary heating system and 24 (hours/day) is to convert the rate of fuel 

consumption (W/K/m2) into the amount of fuel consumed per one heating degree day 

(Wh/K/m2/day). 

2.3.1 Specific fabric heat loss (UA) 

Heat loss through the building fabric is quantified in equation 5 by the specific fabric 

heat loss parameter expressed as U x A.  The surveyed dwelling dimension and 

constructional details are used to determine the theoretical U-values (U) and the 

corresponding exposed building surface area (A).  The U-value quantifies the rate of 

heat transfer through a construction material, and the Warm Front scheme aims to 

improve the U-value of the wall and the roof with increased level of insulation. 

2.3.2 Specific ventilation heat loss (0.33NV) 

Heat loss by ventilation is quantified in equation 5 by the specific ventilation heat loss 

parameter expressed as 0.33 x N x V.  The ventilation rate is a combination of air 

infiltration rate, i.e. uncontrolled air ingress through cracks and gaps in the building 

fabric, plus occupant controlled ventilation through windows and doors.  The Warm 

Front scheme aims to reduce heat loss from air infiltration by introducing draught 

stripping around windows and doors. 

The ventilation rate was calculated using a BREDEM based ventilation algorithm which 

takes into account the effect of open penetrations such as chimneys and flues, the type 
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of construction material, the proportion of draught stripped windows and doors and 

occupant controlled ventilation. 

2.3.3 Heating system efficiency (µ) 

The effect of the heating system on the dwelling energy efficiency is expressed in 

equation 5 by the variable µ which describes the theoretical efficiency of the heating 

system in converting the delivered energy into useful heat energy.  The Warm Front 

scheme aims to decrease the energy consumed for space heating by introducing an 

efficient heating system. 

The heating system efficiency used in the model is the SEDBUK figure which has been 

tested under controlled laboratory conditions [11].  In practice, however, the SEDBUK 

performance level may not be achieved due to heat losses through un-insulated under-

floor piping work, reduced efficiencies from age, inefficient use of controls or incorrect 

installation of the heating system.  The model also assumes that only the most 

efficient heating system (excluding electric heaters) is used even if there are different 

types of space heating appliance in a dwelling.  However, householders often seem to 

rely on a combination of heating systems which can affect the overall performance of 

the heating system. 
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2.4 Sample size 

About 12% of the surveyed Warm Front dwellings are heated by space heating 

appliances using non-metered fuel.  All these dwellings are excluded in this study 

since the contribution from the non-metered appliance to space heating were not 

recorded in the survey.  Although a preliminary screening was made in the WF-Energy 

Paper, 60 additional dwellings with non-metered fuel appliance as a potential source of 

supplementary heating are further excluded in this study. 

Dwellings are also excluded if the total daily space heating fuel consumption level fell 

below the 10 or above the 90 percentile range.  This is to eliminate outliers which 

could be the result of unoccupied dwelling during the survey period or the use of un-

metered space heating appliance unrecorded during the survey or erroneous meter 

readings.  As a result of these eliminations, a total of 1281 dwellings are examined in 

this study whose total daily space heating fuel consumption ranges from 10 kWh/day to 

270 kWh/day. 

2.5 Sample classification 

In all comparisons, the dwellings are categorized and compared in relation to two types 

of heating system and three insulation levels unless otherwise stated.  The 

classification condition is summarized in table 3.   

category classification criteria 

non-CH room heaters only 
heating 
system 

CH 
central heating only 
central heating supplemented with room heaters 

no insulation wall insulation = 0mm and loft insulation = 0mm 

partial 
insulation 

wall insulation = 0mm and loft insulation > 0mm 
wall insulation > 0mm and loft insulation < 100mm 

insulation 

full insulation wall insulation > 0mm and loft insulation >=100mm 

Table Error! No text of specified style in document..3.  Classification of Warm 
Front dwellings according to insulation and heating system 
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2.6 Estimated marginal means 

The statistical method of complex analysis of variance (complex ANOVA) is used to 

investigate the impact of energy efficiency measure on the normalized space heating 

fuel consumption.  It allows the investigation of the interactive impact of insulation and 

the heating system on the normalized space heating fuel consumption which is 

expressed as estimated marginal means.  In all comparisons, the variables of 

household size and sample region are taken into account as covariates. 

2.7 Actual air infiltration rate model 

A regression based air infiltration rate model was developed based on 212 sets of 

measured air infiltration rates from 191 Warm Front dwellings.  The model was 

developed to predict air infiltration rate close to the actual condition in the Warm Front 

dwellings.  The air infiltration rate model is significant in predicting 21% of the variation 

in the air infiltration rate, and it is expressed as equation 6: 

Actual air infiltration rate (air changes per hour) = 6.44 * ratio of loose windows + 

0.29 * number of radiators + 4.37 * number of chimneys + 2.44 * ratio of unfilled cavity wall +  

2.65 * presence of attic room – 0.14 * lowest floor area + 1.63 * ratio of suspended floor area +  

1.34 * number of fans + 0.83 * open flues + 17.76     (6) 

Radiators are associated with increased ventilation rate.  This increase is due to the 

plumbing work associated with the retrofit gas central heating system installation 

process where a greater increase in the air infiltration rate was observed when the 

radiator pipes were installed below the suspended floor boards [14]. 

The actual air infiltration rate model is introduced in section 4.4 when comparing its 

impact against the BREDEM predicted air infiltration rate.  In all other comparisons, 

the BREDEM air infiltration mode is used.    
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3 Comparison of Normalized Space Heating Fuel Consumption 

Figure 3 shows the interactive impact of the insulation and the heating system on the 

Emon and Emod following the seasonal adjustment in the non-space heating related fuel 

consumption and the reduction in the sample size.  The comparison still indicates 

significant discrepancies which can be summaries as follows: 
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Figure 3.  Normalized space heating fuel consumption 
by insulation condition and heating system (n = 1281) 
 
 
Type 1 discrepancy:  There is a general disagreement between the Emon and Emod 

which does not allow a direct comparison between the two.  Ideally, the two results 

should match at a base reference case such as the non-insulated group. 

Type 2 discrepancy:  The impact of the energy efficiency measure is different 

between the Emon and Emod.  The insulation and the heating system have significant 

impact in improving the energy efficiency in the Emod while Emon shows no impact from 

the heating system (p>0.05) and a marginal one from the insulation (p<0.05). 

Tables 4 and 5 compare the disaggregated impact of the insulation and the heating 

system on Emon and Emod.  Insulation measure alone can increase the theoretical 

energy efficiency by 45% and the heating system measure by 27% whereas only a 

10% improvement in actual energy efficiency is observed from the insulation whereas 

the heating system has no impact.  
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monitored normalized space 

heating fuel consumption 

(Wh/K/m2/day) 

modelled normalized space 

heating fuel consumption 

(Wh/K/m2/day) 
insulation 

level 
adjusted for 

n 
increase 

(95% CI) 
p n 

increase 

(95% CI) 
p 

no 

insulation 

partial 

insulation 

full 

insulation 

region 

household 

size 

129 

781 

371 

0.0 

-11.8 (-22.1, -1.4) 

-6.1 (-17.2, 5.1) 

0.040 

129 

781 

371 

0.0 

-35.7 (-45.9, -25.5) 

-84.8 (-95.7, -73.9) 

<0.001 

no 

insulation 

partial 

insulation 

full 

insulation 

region 

household 

size 

heating 

system 

129 

781 

371 

0.0 

-12.3 (-22.7, -2.0) 

-7.1 (-18.3, 4.1) 

0.038 

129 

781 

371 

0.0 

-29.9 (-39.3, -20.3) 

-73.9 (-84.2, -63.6) 

<0.001 

Table Error! No text of specified style in document..4.  Impact of insulation on 
the normalized space heating fuel consumption 

 

monitored normalized space 

heating fuel consumption 

(Wh/K/m2/day) 

modelled normalized space 

heating fuel consumption 

(Wh/K/m2/day) 
heating 

system 
adjusted for 

n 
increase 

(95% CI) 
p n 

increase 

(95% CI) 
p 

non-CH 

CH 

region 

household size 

452 

829 

0.0 

3.9 (-2.5, 10.3) 
>0.05 

452 

829 

0.0 

-49.7 (-56.1, -43.3) 
<0.001 

non-CH 

CH 

insulation 

region 

household size 

452 

829 

0.0 

4.0 (-2.5, 10.5) 
>0.05 

452 

829 

0.0 

-41.9 (-47.8, -36.0) 
<0.001 

Table Error! No text of specified style in document..5.  Impact of heating system 
on 
the normalized space heating fuel consumption 
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4   Sensitivity Study 

In this section, a series of sensitivity studies are carried out in order to understand the 

potential source of the discrepancy between the Emon and Emod.  The sensitivity studies 

are carried out on the variables of space heating fuel consumption (Q), heating degree 

days (DD), U-value (U), ventilation rate (N) and heating system efficiency (µ) which are 

the main determinants of the normalized space heating fuel consumption. 

Different approaches are taken for the sensitivity study depending on the type of the 

variable.  In cases with limited information, what-if scenarios are undertaken to 

observe the potential impact in explaining the discrepancy whereas in other cases, 

adjustments are introduced based on the actual monitored data.     

4.1 Space heating fuel consumption 

Since the space heating fuel consumption (Q) is derived by subtracting the estimated 

non-space heating fuel consumption from the total monitored fuel consumption, the 

robustness of Q depends on the accuracy of the estimated non-space heating fuel 

consumption which accounts for 34 to 44% of total fuel use.   

To understand the potential impact of the variation of Q on Emon, the actual total fuel 

consumption is substituted for the variable Q in equation 1, i.e. without adjusting for the 

non-space heating fuel consumption, and compared in figure 4.   

Figure 4 shows that an increase in Q can result in a significant upward shift in Emon.  

Although there is a change in the type 2 discrepancy, the impact is primarily in the form 

of a parallel shift with a great effect on type 1 discrepancy.   
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Figure 4.  Impact of hypothetical space heating fuel consumption on 
the monitored normalized space heating fuel consumption 
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4.2  Heating degree days 

The derivation of the heating degree days (DD) depend on the accuracy of the 

estimated mean internal temperature (Tmit) which in turn depends on how well the zone 

2 room temperatures are estimated.  The potential impact of the DD in determining the 

Emon is investigated by varying the estimated room temperature.   

In figure 5, the Emon is calculated without adjusting for the zone 2 room temperature 

variation, i.e. the main bedroom temperature represents the entire zone 2 condition.  

The impact is a significant reduction in the Emon across all insulation levels due to 

increased DD which in turn is the result of increased Tmit.  The elimination of the zone 

2 between-room temperature variation was expected to bring a more pronounced 

change in the non-insulated and the non-centrally heated dwellings due to a greater 

between-room temperature variation experienced in these dwellings (tables 1 & 2), but 

in fact the shift is almost parallel. 

Two potential causes are hypothesized.  One is that the between-room temperature 

variation has little impact in improving the type 2 discrepancy and the other and a more 

likely explanation is that the between-room temperature profiles used in this study may 

poorly represent the actual condition of the Warm Front dwellings as suggested in 

figure 6.    
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Figure 5.  Impact of hypothetical heating degree days on 
the monitored normalized space heating fuel consumption 
 
 
Figure 6 shows the hypothetical zone 2 temperature required to explain the 

discrepancy between the Emon and Emod.  It is expressed relative to the main living 

room temperature (zone 2 temperature – main living room temperature) and compared 

against the adjusted zone 2 temperature (adjusted for the zone 2 temperature 

variation) and the unadjusted zone 2 temperature (not adjusted for the zone 2 

temperature variation).   

The unadjusted zone 2 temperature is the same as the main bedroom temperature 

since it was used to represent the entire zone 2 condition.  As expected, the 

unadjusted zone 2 temperature shows the least difference from the main living room 

temperature resulting in the low adjusted Emon observed in figure 5.  The difference is 

further reduced in the centrally heated and insulated cases reflecting the impact that 

energy efficient measures have in terms of increasing the main bedroom temperature. 

In the case of the adjusted zone 2 temperature, the application of the zone 2 between-

room temperature profile has a significant impact in reducing the mean zone 2 

temperature.  On the other hand, the adjusted zone 2 temperature shows little 

variation in relation to the insulation and the heating system.  In fact the temperatures 

become lower with the CH and with increasing insulation reinforcing the observation 

that the Hunt & Gidman and the Milton Keynes temperature profiles might be 

misrepresenting the actual zone 2 condition in the Warm Front dwellings whose 

temperature profile might behave closer to that of the hypothetical zone 2 temperature.  
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Figure 6  Hypothetical zone 2 temperature required to explain the discrepancy 
between the monitored and the modelled normalized space heating fuel consumption 
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4.3 U-value 

The U-value (U) of the building fabric is derived based on the actual surveyed building 

data.  However, conditions such as missing wall or loft insulation, which can impair the 

thermal performance of building fabric, are usually not detected in surveys and 

therefore not taken into account in the U-value which normally assumes 100% of the 

exposed building fabric being insulated. 

From the analysis of infrared images of 85 Warm Front dwellings with insulated cavity 

walls, an average of 20% of the cavity wall and 13% of the loft area that could in theory 

be insulated was found to be missing in insulation.  Typically, missing wall insulation 

occurred along the height of the upper storey window lintel and missing loft insulation 

along the ceiling edges near the eaves where retrofit insulation work is difficult to carry 

out (figure 7). 

Base on this observation, the average U-value of a 50mm insulated cavity wall is 

adjusted from 0.53 to 0.74 W/m2K and for 200mm insulated roof from 0.19 to 0.39 

W/m2K and then substituted for U in equation 5 to calculate the Emod.  
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Figure 7.  Insulated Warm Front dwelling showing partially missing 
wall and loft insulation 
 
 
In figure 8, the reduced energy efficiency from the decreased U-value performance is 

reflected in the form of an increase in the adjusted Emod.  This effect becomes more 

prominent as the level of insulation increases due to the increased impact of missing 

insulation.  Table 6 shows that a 6% drop in the theoretical energy efficiency 

performance can be expected from the missing insulation.  The large difference in the 

slope between the adjusted Emod and Emon also indicates that missing insulation alone 

can not account for the type 2 discrepancy. 
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Although the U-value is a principle determinant of Emod, in theory, the U-value also 

affects Emon since the mean temperature rise from incidental gains (Tgain) and hence the 

heating degree days (DD) are a function of the U-value.   
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Figure 8.  Impact of actual U-value on 
the modelled normalized space heating fuel consumption 

 

modelled normalized space heating fuel consumption (Wh/K/m2/day) 

theoretical U-value adjusted U-value insulation 

level 

adjusted 

for 

n 
increase 

(95% CI) 
p n 

increase 

(95% CI) 
p 

no insulation 

partial 

insulation 

full insulation 

region 

household 

size 

heating 

system 

129 

781 

371 

0.0 

-29.9 (-39.3, -20.3) 

-73.9 (-84.2, -63.6) 

<0.001 

129 

781 

371 

0.0 

-27.1 (-37.0, -17.2) 

-69.6 (-80.3, -58.9) 

<0.001 

Table Error! No text of specified style in document..6.  Impact of actual U-value on 
the modelled normalized space heating fuel consumption 
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4.4 Ventilation rate 

The ventilation rate (N) consists of the uncontrolled background air infiltration rate and 

the occupant controlled ventilation rate.  Large uncertainties are associated when 

modelling the ventilation rate due to simplified assumptions and difficulty in predicting 

the occupant behaviour.  For example, the BREDEM ventilation model does not take 

into account the effect of insulation and retrofit gas central heating system which are 

found to have a significant impact on the actual air infiltration rate [14].  Also the 

BREDEM ventilation model assumes occupant controlled ventilation as a function of 

the air infiltration rate whereas in practice this is not the case.   

4.4.1 Air infiltration rate 

The actual background air infiltration rate was calculated using the air infiltration rate 

regression model (equation 6), and the results were substituted for the variable N in 

equation 5 to investigate the impact of the actual air infiltration rate on the Emod.  The 

contribution from the occupant controlled ventilation is excluded in this comparison.  

Figure 9 compares the Emod before and after the adjustment of the air infiltration rate, 

and it shows that there is a greater increase in the energy efficiency of the adjusted 

Emod in relation to the insulation level due to the impact that insulation has in reducing 

the air infiltration rate, an effect which the BREDEM ventilation model does not take 

into account.  The impact of insulation is less for the CH dwellings because a retrofit 

gas central heating system, a measure not normally associated with ventilation, is 

found to increase the air infiltration rate and thereby counteracts the benefit gained 

from the insulation.   

Table 7 compares the decrease in the Emod in relation to the insulation levels while 

taking into account the impact of the heating system.  A 5% increase in the energy 

efficiency performance can be expected as a result of the decrease in the air infiltration 

rate from the insulation.   



 

   67 

148.9

115.8

76.0

161.0

193.5

92.8

60

80

100

120

140

160

180

200

220

240

260

no insulation partial insulation full insulation

n
o
rm

a
liz

e
d
 s

p
a

c
e

 h
e

a
ti
n
g
 f

u
e
l 
c
o
n
s
u
m

p
ti
o
n

(W
h

/K
/m

2
/d

a
y
)

unadjusted Emod (CH)

unadjusted Emod (non-CH)

adjusted Emod (CH)

adjusted Emod (non-CH)

unadjusted Emon (CH)

unadjusted Emon (non-CH)

 

Figure 9.  Impact of actual air infiltration rate on 
the modelled normalized space heating fuel consumption 
 
 
 

modelled normalized space heating fuel consumption (Wh/K/m2/day) 

modelled air infiltration rate actual air infiltration rate insulation 

level 
adjusted for 

n 
increase 

(95% CI) 
p n 

increase 

(95% CI) 
p 

no insulation 

partial 

insulation 

full insulation 

region 

household 

size 

heating 

system 

129 

781 

371 

0.0 

-29.9 (-39.3, -20.3) 

-73.9 (-84.2, -63.6) 

<0.001 

129 

781 

371 

0.0 

-33.7 (-43.0, -24.4) 

-81.6 (-91.7, -71.6) 

<0.001 

Table Error! No text of specified style in document..7.  Impact of actual air 
infiltration rate on 
the modelled normalized space heating fuel consumption 
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4.4.2 Occupant controlled ventilation rate 

Since very little information is available on the occupant controlled ventilation rate of 

the Warm Front dwellings, its impact on the modelled normalized space heating fuel 

consumption is investigated by adding the BREDEM predicted occupant controlled 

ventilation rate to the actual air infiltration rate and substituting for the N variable in 

equation 5. 

Figure 10 compares the impact of the adjusted ventilation rate on the Emod.  The result 

is similar to figure 9 but the energy efficiency gained is now reduced to 4% due to 

increased ventilation (tables 7 and 8).   However, the impact of the modelled 

occupant controlled ventilation is very small and indicates that it can not provide 

explanation for the type 1 and 2 discrepancies. 
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Figure 10.  Impact of modelled occupant controlled ventilation rate on 
the modelled normalized space heating fuel consumption 
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modelled normalized space heating fuel consumption (Wh/K/m2/day) 

modelled air infiltration rate actual air infiltration rate insulation 

level 

adjusted 

for 

n 
increase 

(95% CI) 
p n 

increase 

(95% CI) 
p 

no 

insulation 

partial 

insulation 

full 

insulation 

region 

household 

size 

heating 

system 

129 

781 

371 

0.0 

-29.9 (-39.3, -20.3) 

-73.9 (-84.2, -63.6) 

<0.001 

129 

781 

371 

0.0 

-33.5 (-42.7, -24.2) 

-81.1 (-91.1, -71.0) 

<0.001 

Table Error! No text of specified style in document..8.  Impact of modelled 
occupant controlled ventilation rate on 
the modelled normalized space heating fuel consumption 
 
The BREDEM ventilation model is based on a simple algorithm which assumes 

occupant controlled ventilation as a function of the air infiltration rate if it is less than 1 

air changes per hour (ach) but otherwise negligible.  This underlying assumption could 

potentially underestimate the actual impact of the occupant ventilation which is known 

to be affected by the external temperature [15] and also likely by the internal 

temperature. 

In order to investigate the hypothetical ventilation rate required to explain the 

discrepancy between the Emon and Emod, a sensitivity analysis is carried out by 

assuming Emon = Emod and solving for the ventilation rate (N) using equation 7. 

0.33V

UA

7.92DDV

Qµ
N −=        (7) 

The hypothetical ventilation rates are derived for the CH and the non-CH dwellings and 

pegged to the actual ventilation rate (actual air infiltration rate + BREDEM occupant 

controlled ventilation rate) of the non-insulated group in figure 11 to investigate whether 

the ventilation rate can provide an explanation for the type 2 discrepancy.  The error 

associated with the type 1 discrepancy is eliminated from this comparison because of 

the unrealistic (negative) hypothetical ventilation rates required (not shown) to make up 

for the lesser Emon compared to the Emod.  
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Figure 11.  Actual (actual air infiltration rate + modelled occupant controlled ventilation 
rate) and hypothetical ventilation rate 
 
As expected, the actual ventilation rate deceases with increasing insulation level 

whereas in the case of the hypothetical ventilation rate, there is a significant increase.  

Since the hypothetical ventilation rate is matched to the actual ventilation rate at the 

base level, the rise, i.e. the difference between the hypothetical and the actual 

ventilation rate, represents the additional occupant controlled ventilation rate required 

to explain the type 2 discrepancy.  The relationship suggests a positive link between 

the occupant controlled ventilation rate and insulation perhaps due to a feeling of 

overheating and stuffiness in a well insulated dwelling.  On the other hand, the type of 

heating system has little impact.    

4.5 Heating system efficiency 

Little information is available on the actual performance level of the Warm Front gas 

central heating system and particularly on how it is used in combination with other 

space heating appliances. 

In order to investigate whether the discrepancy between the Emon and Emod can be 

explained by a change in the heating system performance, the hypothetical heating 

system efficiencies are calculated by assuming Emon = Emod and solving for the heating 

system efficiency (µ) using equation 8.    
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( )
Q

0.33NVUA 24DD
µ

+
=       (8) 

In figure 12, the hypothetical µ is calculated for the CH and the non-CH dwellings and 

pegged to the modelled µ of the non-insulated group in order to investigate the 

hypothetical performance required to explain the type 2 discrepancy.  The error 

associated with the type 1 discrepancy is again eliminated since preliminary analysis 

has indicated that above 100% hypothetical µ is required to compensate for the type 1 

discrepancy (not shown). 
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Figure 12.  Modelled and hypothetical heating system efficiency 
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As expected, the modelled efficiencies are constant across the different insulation 

levels with the mean values closely representing the modelled performances of the CH 

and the non-CH groups.  On the other hand, the hypothetical performance shows a 

large variation in relation to the insulation with an unrealistically low performance level 

in the fully insulated case.  Because insulation is not a determinant of the heating 

system performance, the hypothetical efficiencies should ideally be constant across the 

different insulation groups as in the modelled case. 

The sensitivity analysis shows that the hypothetical efficiency can not provide a 

potential explanation for the types 1 and 2 discrepancies.   

5.   Discussion and Conclusion 

The energy efficiency investigation in this study is unique in that the impact of energy 

efficiency measure on fuel consumption was investigated based on a large set of 

monitored living room and main bedroom temperature and gas and electricity 

consumption data of English dwellings.  The application of this data meant that a 

realistic assessment of the impact of energy efficiency measure on domestic fuel 

consumption was possible.  In order to compile this report, around 4,000,000 data 

points for every dwelling was processed for a total of 1,281 dwellings against 9 different 

scenarios.  

A comparison of the actual fuel consumption performance against the theoretical 

prediction indicated a large disagreement between the two results along with a varied 

response pattern in relation to the energy efficient measures of insulation and a gas 

central heating system.  The lack of agreement between the two is due to the different 

assumptions used in each method and their associated inaccuracies.   

The accuracy of the actual fuel consumption model relies on a comprehensive set of 

temperature and fuel consumption data which was not available based on the Warm 

Front data set.  In the case of the theoretical fuel consumption model, its performance 

has predominantly been tested on newer buildings where comfort temperatures can be 

assumed and a central heating system is the norm while a fuel poor dwelling may not 

be suitable subject. 

The sensitivity analysis of the main determinant variables for the actual and the 
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theoretical fuel consumption models indicated that a combination of adjustments is 

required in all the variables to provide an explanation for the discrepancy between the 

actual and the theoretical energy efficiencies.  This study finds that the assessment of 

the actual impact of the Warm Front energy efficiency scheme on the domestic fuel 

consumption can be further improved with the supplement of the following information: 

1. Continuous temperature data of every room in a dwelling. 

2. Fuel consumption data of all space and water heating appliance. 

3. Occupant behaviour in window use. 
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APPENDIX 3:  The Impact of Energy Efficient Refurbishment on the Airtightness 

in English Dwellings 
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ABSTRACT 

A fan-pressurisation method was used to test the air infiltration rate of 191 dwellings in 

England.  All tested homes were either pre or post the introduction of energy efficient 

retrofit measures such as cavity wall insulation, loft insulation, draught stripping and 

energy efficient heating system.  Results show that the average air infiltration rate of 

the post dwellings is only marginally lower by 4% compared to the pre dwellings.  

Component infiltration rate based on model prediction indicates the combination of 

cavity wall insulation, loft insulation and draught stripping potentially reducing infiltration 

rate by 24%.  However, longitudinal comparison shows a retrofit gas central heating 

system offsets this effect by contributing 13% increase in the infiltration rate. 

KEYWORDS 

air infiltration, refurbishment, insulation, draught stripping, central heating, English 

dwelling 

INTRODUCTION 

As a part of the UK government’s commitment to reduce green house gas emissions, 

measures to improve airtightness in the UK dwellings are being implemented through 

building regulation and energy efficient refurbishment programs.   

Warm Front (WF) is a major energy efficient refurbishment project undertaken primarily 

to reduce fuel poverty in England by delivering affordable warmth through improved 

household energy efficiency.  The main elements comprising the WF energy efficiency 

package are cavity wall insulation (CWI), loft insulation (LI), draught stripping (DS) and 

depending on the householders’ qualification, the option of a hot water tank jacket and 

gas wall convector heaters or a gas central heating system (CH).   

In 2001, the “Health Impact Evaluation of Warm Front” study was commissioned to 

investigate the effect of WF on resident health.  Household data from 3099 properties 

was collected over two successive winters in five urban areas: Birmingham, Liverpool, 

Manchester, Newcastle and Southampton. A subset of 191 properties was targeted to 

conduct 221 (78 pre-intervention and 143 post-intervention) air infiltration rate tests.  

The case study dwellings are classified as pre- or post-intervention depending on the 
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completion status of the WF refurbishment work. 

This paper will present the results of the field-measured, whole house, air infiltration 

rate tests and discuss the effect of different energy efficient refurbishment measures on 

the dwelling infiltration rate.  The parameter used to present the infiltration rate is air 

permeability which is used by the UK building regulations and expressed in units of 

m3/hr/m2 (of exposed building envelope area including the ground floor) at 50 Pascals 

[2000, CIBSE].   

OPPORTUNITIES FOR ACHIEVING AIRTIGHTNESS 

Results from past projects indicate that refurbishment work offers a great opportunity to 

achieve airtightness in UK dwellings.  Studies carried out by Leeds Metropolitan 

University on a group of 12 properties (Derwentside Project) have shown a 46 to 66% 

reduction in the infiltration rate [1997, BRESCU] while a maximum of 71% reduction 

was observed in a single case study dwelling following refurbishment measures (York 

Project) [Lowe, et al., 1997].  WF, on the other hand, is expected to have a lesser 

impact in reducing the infiltration rate as a result of fewer delivered airtightness 

measures as shown in table 1.   
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TABLE 1 
Opportunities of achieving airtightness 
 

Opportunities of Achieving Airtightness WF York 
Derwent
side 

Draughtstrip loft hatch and fit securing bolts X X X 
Draughtstrip opening windows and external 
doors 

X X X 

Seal around windows and door frames   X 
Seal service holes through timber floors  X  
Seal service penetrations through ceilings    
Seal all remaining plumbing services    
Seal all joints in heating ductwork (where 
possible) 

  X 

Seal all electric services including faceplates   X 
Hardboard across timber floors and seal to 
skirting 

 X  

Install cavity wall and loft insulation X X X 
Seal air space behind plasterboard dry-lining  X X 
Seal top and bottom of stud partitions    
Add a draught lobby to exterior doors    
Block disused chimney opening    

 

MEASURING THE AIR INFILTRATION RATE 

A fan pressurisation method was used to measure the whole house air infiltration rate.  

All open flues and vents were kept open during the test in order to measure 

airtightness under a normal dwelling condition.  Open chimneys were sealed but 

depending on the circumstance they were left open and only the pressurisation cycle 

was carried out.  The test was accompanied by a thermal imaging camera to record 

areas of air ingress and missing insulation.   The tested dwellings are classified in 

table 2 which shows that the majority are of masonry construction.   

 
TABLE 2 
Case study dwellings (n=191) 
 

age wall type building type 
pre-1900 15% cavity masonry 66% terraced 57% 

1900 – 1950 50% solid brick 33% semi-detached 33% 
1951 – 1976 32% timber framed 0.5% flats 9% 
Post 1976 3% other 0.5% detached 1% 
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PRE- AND POST-INTERVENTION AIR INFILTRATION RATE 

The comparison of air infiltration rate distribution between the pre- and post-

intervention dwellings in figure 1 shows little difference between the two groups with 

the post- dwellings showing a marginally lower average infiltration rate of 0.7m3/hr/m2 

in table 3.  One of the main reasons seems to be the fact that the impact of measures 

which may result in decreased infiltration rate such as the CWI and DS is offset by 

other measures such as the installation of a CH whose effect is shown by the increase 

in the infiltration rate among the CH properties in table 3. 
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Figure 1: Air infiltration rate distribution of pre- and post-intervention WF dwellings 
 

 
TABLE 3 
Mean and standard deviation of air infiltration rate (n=221) 
 

WF Scheme Pre-WF (m3/hr/m2) Post-WF (m3/hr/m2) % Change 

All properties 
17.7 (s.d. 7.1), n = 

78 
17.0 (s.d. 7.2), n = 143 

-4% 

w/o CH 
19.1 (s.d. 7.8), n = 

22 
16.5 (s.d. 7.3), n = 51 

-14% 

w/ CH 
17.1 (s.d. 6.8), n = 

56 
17.2 (s.d. 7.2), n = 92 

+1% 

CH: gas central heating system 
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TABLE 4 
Change in air infiltration rate based on the longitudinal cases (n=21)   
 

Intervention Sample Size 
Infiltration Rate 

Change (m3/hr/m2) 
% Change 

w/ PU 4 + 3.0 +21% CH 
only w/ PA 

12 
8 

+1.8 
+ 1.1 

+13% 
+9% 

CH w/ PU + LI + DS 2 +2.1 +10% 
CH w/ PU +PA + DG 2 -0.3 -3% 

CH w/ PA + CWI 2 -3.5 -27% 

CWI 1 -3.6 -19% 

New Boiler 2 +0.2 +2% 

CH w/ PU: gas central heating system with plumbing installed under floor boards  
CH w/ PA: gas central heating system with plumbing installed above floor boards 
LI:  loft insulation; DS: draught stripping; DG: double glazing; CWI: cavity wall 
insulation 
 
 

Longitudinal test results from a subset of 21 properties further supports the observation 

where a decrease in the infiltration rate is recorded following the CWI and double 

glazing - not a WF measure - while an increase of 13% is observed following the CH 

measure alone.  This increase is not the result of an additional flue since the flues are 

of the balanced type but from the plumbing work associated with the WF supplied 

radiators.  Table 4 shows a pronounced increase in the infiltration rate by 21% among 

the dwellings whose radiator pipes are installed below the suspended floor boards at 

ground floor level. 

COMPONENT INFILTRATION RATE 

Because of the small sample size involved in the longitudinal study and most of them 

having received only a CH, a statistical model based on multiple regression is used to 

estimate the effect of component contribution to the infiltration rate based on the 221 

measured samples.  The model shows that 31% (R2=0.314) of variability in the 

infiltration rate is explainable by the components listed in figure 2 (P-value = 4.9 x 10-12).  

The components that most significantly affect the infiltration rate (P-value < 0.05) are 

indicated as grey bars. 
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Figure 2: Component infiltration rate at 95% confidence interval range 
(m: median; p: P-value) 

 

The model indicates that a combination of CWI, LI and DS, which are the primary WF 

airtightness measures, should achieve a 24% reduction in the infiltration rate based on 

the range median.  The reduction will increase to 37% if the suspended floors are 

sealed and a further 47% if an unwanted chimney is closed. 

The timber cladding component refers to the construction of exterior timber boards on 

wooden battens with internal plasterboard finish or internal single skin brick finish.  

The large effective range of this component indicates the need for a further 

classification into the two internal wall types.  The model shows that the potential 

impact of this wall type on the infiltration rate can be significant while its construction 

nature does not allow retrofit CWI.   

Increase in the dwelling sides sheltered increases air permeability by 3m3/hr/m2.  In 

other words, a unit wall of a semi-detached house is leakier than a detached house.  

The reason behind this oddity is due to the way in which the air permeability parameter 

is based on the exposed wall surface area while discounting the effects of inter-

dwelling air exchange.  A Building Research Establishment (BRE) study shows inter-

dwelling infiltration through walls can contribute from zero to 20% of total infiltration rate 

[1998, Stephen].    
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LI can reduce air permeability by 4m3/hr/m2.  However, post-intervention surveys as in 

figure 3 show that this potential benefit is frequently lost as a result of the missing LI 

along the ceiling edges near the eaves where retrofit installation is physically difficult to 

carry out.  Without the LI over the wall plate, air can travel up the cavity wall space if 

the CWI and closers are missing or behind the drywall finish with poorly sealed 

surrounds. 
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Figure 3: Thermographic image shows missing loft insulation behind the ceiling finish 
near the eaves 
 
 

A single retrofit radiator increases air permeability by 0.3m3/hr/m2.  If the effect of the 

WF supplied radiators - normally five - is taken into account, the potential increase from 

a CH can be 1.5m3/hr/m2 which is similar to the increase of 1.8m3/hr/m2 observed in the 

longitudinal comparison of table 4.   

Minute cracks, unsealed penetrations and other paths that are difficult to classify make 

up the other component which contributes 3m3/hr/m2 to the infiltration rate.  WF 

measures may have limited effect in reducing this component which possibly reflects 

the general construction quality of the dwelling and its deterioration through age.  A 

more detailed component classification may reduce the effect of the other component 

while increasing the significance level (R2 value) of the prediction model.    

Poor component classification can be attributed to the low significance level (P-value 

>= 0.05) of the open flue, single & vent or fan, single components.  No detailed survey 

was made between the flues of open gas fire and those of modern gas fires with grilled 

front.  Similarly, the condition of permanent vents such as air bricks was not surveyed 

in detail.     
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Comparison of the Component Infiltration Rate 

The model prediction is compared in figure 4 with BRE’s component infiltration rate 

which is based on the reductive sealing method from 35 UK dwellings [1998, Stephen].  

For the comparison, the effect of the WF CWI is related to the BRE drywall surrounds 

sealing because no record was made about the type of internal wall finish in the WF 

study.   The loft hatch component is omitted in the WF model because of its poor 

significance level.  The contribution from open chimneys and flues are all omitted 

because the BRE data excludes their effects.  Also, the CH contribution is excluded 

since its effect on the infiltration rate is significant only as a retrofit measure, a condition 

unique to the WF project.   

The comparison of the component infiltration rates between the WF and BRE data is 

not straight forward due to the difference in component classification.  In the case of 

the permanent vents, the model is predicting the effect from a single vent or fan (1%) 

whereas the BRE prediction is based on several vents (9%) typically found in UK 

dwellings.  The large difference between the CWI (11%) and the BRE dry wall 

surrounds sealing (2%), and likewise between the loft uninsulated (14%) and the BRE 

loft hatch (2%), indicates that their effects can’t be compared directly.  BRE’s 

remainder component which makes up 71% of the total infiltration rate can be equated 

to the model’s solid wall (7%), timber cladding (31%), suspended floor unsealed (17%) 

and other (11%) components which in combination contribute to 66% of the total.  The 

model predicted effect from no draught stripping and windows loose make up 8% which 

is less than the BRE’s 16% because the model does not take into account the 

contribution from well sealed and draught stripped windows and doors. 
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Figure 4: Comparison of the component infiltration rates 

CONCLUSION 

The combination of Warm Front delivered cavity wall insulation, loft insulation and 

draught stripping can reduce the English dwelling air infiltration rate by about 24%.  

On the other hand, retrofit gas central heating system increases the infiltration rate, 

which is particularly sensitive to the way in which the peripheral piping work is installed.  

To achieve airtightness, the radiator pipes should be installed exposed above the 

suspended floor, or if installed below the floor, they should be accompanied by a robust 

sealing procedure around the penetrations and along the seams of floorboards 

temporarily lifted for installation.   
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APPENDIX 4:  Field Study of Thermal Comfort in Low-income Dwellings in 

England Before and After Energy Efficient Refurbishment 
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Abstract 

This study investigates the effect of England’s Warm Front energy efficient 

refurbishment scheme on winter thermal comfort in low-income dwellings.  The 

analysis is based on an extensive survey of some 2500 dwellings selected from five 

major urban areas in England over the winters of 2001/02 and 2002/03.  The surveys 

were carried out either before or after the introduction of retrofit insulation and energy 

efficient heating system.  Self-reported thermal comfort (measured on a seven-point 

scale) and indoor temperature in the living room and in the main bedroom were 

recorded twice daily at 8 a.m. and 7 p.m. over 11 consecutive days.  Results show 

that Warm Front was effective in increasing the mean indoor temperature from 17.1°C 

to 19.0°C leading to an increase in the proportion of households feeling thermally 

‘comfortable’ or warmer from 36.4% to 78.7%.  Warm Front also led to a slight 

increase in the whole house neutral temperature, i.e. the temperature at which most 

residents feel thermal neutrality, from 18.9°C to 19.1°C mainly from reduced clothing 

level associated with greater energy efficiency.  Predicted Mean Vote, which is the 

standard thermal comfort model in ISO Standard 7730 predicted a higher neutral 

temperature of 20.4°C compared to 18.9°C found to be ideal among the average Warm 

Front households.   

Keywords 

Thermal comfort; PMV; Indoor temperature; Fuel poverty; Energy efficiency; Take-back 
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1.  Introduction 

About 2.3 million households in England are currently estimated to be in fuel poverty, 

and with increasing energy cost, this figure is likely to rise [1].  A household is 

classified as being fuel poor if a fuel bill in excess of 10% of income is required to 

maintain adequate domestic thermal comfort (living room: 21°C, bedroom: 18°C) in 

winter.  Fuel poverty is caused by a combination of low income, high energy cost and 

energy inefficient dwelling; households living in fuel poverty generally experience poor 

quality of life and increased health risk from prolonged exposure to cold temperature [2]. 

Under the fuel poverty strategy set out by the UK government in 2001, England aims to 

eliminate fuel poverty by the year 2010 among the vulnerable households, i.e. families 

with older people or young children or with disabilities or with a long-term illnesses, the 

groups most susceptible to cold-related ill-health [3].  By recognizing poor energy 

efficiency in dwellings as one of the main causes of fuel poverty, the national strategy 

is based on the introduction of energy efficiency grant through a scheme titled Warm 

Front [4].  The scheme targets low-income households living in the private sector by 

providing funds for the installation of insulation, energy efficient heating system and 

draught proofing.  Warm Front aims to reduce the burden of fuel cost which in turn is 

expected to encourage the householders to take up some of the cost savings benefit 

as improved thermal comfort.  Evidence from a previous study has shown that Warm 

Front resulted in a 1.6°C rise in the living room temperature and a 2.8°C rise in the 

bedroom temperature [5].  These improvements are likely to have a positive impact on 

thermal comfort, well-being and health [6, 7].   

In 2001, a national evaluation of the health impact of Warm Front was initiated, a part 

of which entailed the collection of thermal comfort data from some 2500 dwellings.  

This study examines the impact of insulation and heating on field-surveyed domestic 

thermal comfort in low-income English dwellings in winter.  The efficacy of the thermal 

comfort standard adopted in ASHRAE 55 [8] and ISO 7730 [9] in predicting domestic 

thermal comfort in winter is also examined. 
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2.  The Warm Front energy efficiency scheme 

In year 2000, the Warm Front energy efficiency scheme was launched in England as 

the main component of government’s aim to tackle fuel poverty among the vulnerable 

households living in private tenure by providing grants for the installation of energy 

efficiency measures [4].  Eligibility for the grant is based on the receipt of a specific 

‘passport’ benefit – used as proxy indicator of fuel poverty – and having a household 

member in the vulnerable group classified as those aged below 16 or aged 60 or more 

or disabled or those suffering from a long-term illness.   

By 2005 about 1.1 million households in England have benefited from this scheme.  

Until 2005, two grant schemes were available:  the ‘Warm Front’ with a maximum 

grant limit of £1500 for families with children under the age of 16 and the ‘Warm Front 

Plus’ with a maximum grant limit of £2500 for households with a member aged 60 or 

over.  Both grants offered cavity wall insulation, loft insulation and draught proofing but 

differed in that a gas central heating was provided for the elderly group and gas wall 

heaters for the younger households.  In 2005, the scheme was upgraded to include a 

gas central heating system for all of its recipients.  This study is based on the scheme 

prior to the 2005 upgrade. 

3. Thermal comfort standard 

ASHRAE Standard 55 and ISO Standard 7730 are the most widely used thermal 

comfort standards in contemporary thermal comfort research.  Both standards are 

essentially based on a ‘heat-balance’ model that takes into account the environmental 

factors of temperature, humidity and air speed and personal factors of clothing and 

metabolic rate to give a thermal comfort sensation described by a Predicted Mean Vote 

(PMV).  PMV uses a seven-point index, ranging from -3 (cold) to 3 (hot), to measure 

the thermal comfort sensation most likely to be experienced by a group of people in a 

given environment under a steady state condition.  The PMV model was developed by 

Fanger based on experiments undertaken in climate chambers [10]. 

ASHRAE Standard 55 also incorporates an optional standard known as the ‘adaptive’ 

model specifically designed to predict thermal comfort in naturally ventilated buildings.  

This model compensates for the limited effectiveness of the heat balance model in 



 

 92 

predicting the often wider comfort range observed in naturally ventilated buildings.  

The adaptive model uses the outdoor temperature as the key variable in predicting the 

comfort range [11-14]. 

The application of these standards, however, is limited to the use in ‘sedentary or near 

sedentary physical activity levels typical of office work’ [8] since they were 

predominantly developed (heat balance model) and tested (adaptive model) against 

field measurements taken from office environment.  The applicability of the heat 

balance model was indeed found to be ‘inappropriate’ when predicting the thermal 

comfort condition in air conditioned domestic environment in the US [15] and likewise 

when applying the adaptive model to naturally ventilated dwellings in California [16].  

Little study has so far been undertaken in examining the effectiveness of the PMV 

model in heated dwellings in winter. 

4. Potential impact of insulation and heating on thermal comfort 

Warm Front aims to increase thermal comfort mainly by increasing the indoor 

temperature through the installation of insulation and energy efficient heating system.  

Insulation increases the mean indoor temperature by reducing the rate of heatloss 

through the building fabric while a central heating system increases the mean indoor 

temperature by improving the distribution of heat throughout the building and allowing 

higher demand temperature.  The cost savings from improved enegy performance can 

in turn encourage the householders to take up some of the benefit by increasing the 

demand temperature, a process known as the ‘take-back factor’ or the ‘rebound effect’. 

Insulation and central heating also reduce the elements that can contribute to local 

thermal discomfort.  Warmer external walls from insulation reduce discomfort arising 

from radiant temperature asymmetry and from localised downdraft caused when warm 

air touches cold surfaces [17].  By improving the uniformity of temperature distribution 

in a dwelling, gas central heating can also reduce the impact of ‘thermal stress’ 

associated with sudden changes in temperature when moving from room to room [18, 

19]. 
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5. Methods 

5.1.  Warm Front survey 

In 2001, the ‘Health Impact Evaluation of Warm Front’ study was commissioned to 

investigate the effect of Warm Front on resident health in England.  The Warm Front 

study was designed to combine an empirical survey with statistical and epidemiological 

analysis to model the potential impact of improved energy efficiency on householders, 

mental and physical health and quality of life.  The heart of the investigation involved 

documenting and quantifying changes in hypothesized elements such as energy 

efficiency [20], ventilation [21], indoor environmental conditions [22] and thermal 

comfort in a representative sample. 

The study involved the collection of extensive household and property condition data 

from some 3500 dwellings selected from five major urban clusters around Birmingham, 

Liverpool, Manchester, Newcastle and Southampton to provide a good representation 

of the different household characteristic, housing types and climate conditions in 

England.  The data was collected over two successive winters of 2001/02 and 

2002/03 by a combination of surveying, interviewing and monitoring by trained 

surveyors.  A sub-sample of 2519 dwellings was targeted for the thermal comfort 

study. 

The basic survey design is based on cross-sectional comparisons between the pre- 

and post-improvement households mesured in the same winter.  Although statistically 

less efficient, this method is less open to bias than comparing the same dwellings 

before and after Warm Front in consecutive winters. 

5.2.  Comfort Vote 

A self-reported thermal comfort diary was supplied to a designated occupant in each 

household, usually the head of household or spouse, who were instructed to record 

thermal comfort perception and the room temperature twice daily at 8 a.m. and 7 p.m. 

in the living room and in the main bedroom during 11 consecutive days.  The selection 

of the hours is based on the assumption that dwellings are most likely to be occupied 

and heated at these times.  The following information was also recorded in the comfort 

diaries:  date of the diary delivery and collection, respondent gender, Warm Front 

intervention status, diary entry hour if it differed more than half an hour from the 
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designated hours, living room temperature, bedroom temperature, occupant clothing 

and occupant activity level. 

comfort – In response to the diary question ‘In the middle of the room, the room felt’ the 

respondents were asked to record their subjective thermal comfort based on a 

descriptive seven-point Comfort Vote (CV) index: ’much too cool‘ (-3), ’too cool’ (-2), 

‘comfortably cool’ (-1), ‘comfortable’ (0), ‘comfortably warm’ (1), ‘too warm’ (2) and 

‘much too warm’ (3).  Corresponding to each index, a numerical values was assigned 

(shwon in parenthesis) in accordance to the convention of ISO Standard 7730. 

5.3.  Predicted Mean Vote 

The PMV index was calculated with the aid of Excel spreadsheet using the equation 

derived by Fanger [10, 23].  The input variables of indoor air temperature, radiant 

temperature, relative humidity, air speed, clothing level and activity level required to 

determine PMV were derived as follows: 

Indoor air temperature – Householders were requested to record the indoor air 

temperature using Boddingtons liquid crystal temperature strips supplied with the 

comfort diaries.  The temperature strips were each placed in the living room and the 

main bedroom and temperature measurements taken simultaneously when comfort 

assessment was made.  In 48% of the case study dwellings, Gemini TinyTag 

dataloggers were also used to record the indoor temperature at half-hourly intervals in 

the two rooms.  The loggers and the temperature strips were placed away from direct 

sources of heat and light on a sideboard or shelf at around waist height, approximately 

1m from the ground. 

A comparison between the two types of temperature measurement showed that the 

strip monitored temperature was on average 0.3°C lower than the logger monitored 

temperature but with a large standard deviation of 2.2°C.  In addition to the possibility 

of erroneous reading, the strip-temperature performance would have been 

compromised if the strips had come in contact with objects such as furniture or the 

diary book (if temperature strips were used as bookmarks) just prior to temperature 

reading.  On the other hand, the logger-temperature also presented a potential source 

of error since it relied on the accuracy of the diary recorded hours to link the 
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temperature data with the thermal comfort experience.  Despite the instruction to fill in 

the diary at the two specified hours, it is doubtful that this was faithfully carried out by 

the householders.  In this study, it was decided to use the strip- temperature for the 

internal temperature analysis to maintain the temporal connection to the field-surveyed 

thermal comfort experience. 

Mean radiant temperature – A computer based environment simulation tool called 

EnergyPlus was used to predict the theoretical mean radiant temperature in the centre 

of a hypothetical 5m x 4m x 2m room representing the living room and the main 

bedroom in a typical Warm Front dwelling.  The hypothetical living room was assumed 

to be located on the ground floor and the main bedroom on the first floor.  The number 

of exposed walls was varied to reflect the type of dwelling i.e. terraced, semi-detached 

or detached, and separate predictions were made for the insulated and the non-

insulated conditions.  All exposed floors were assumed to be un-insulated and the 

exposed ceilings having 100mm loft insulation.  A standard heating regime was 

assumed in all cases (7 - 9 a.m. and 4 - 11 p.m.) for the period of December 1 to March 

31 based on Birmingham weather. 

The ‘actual’ radiant temperature was estimated by adjusting the strip monitored indoor 

air temperature by the difference observed between the modelled air temperature and 

the modelled mean radiant temperature.  The simulation result showed that in the 

morning the air temperature was on average 0.5°C lower and in the evening about 

1.0°C higher than the mean radiant temperature.  Insulation, on the other hand, 

reduced the difference only by about 0.1°C perhaps due to the window conditions 

remaining the same. 

Indoor relative humidity – The indoor relative humidity was continuously monitored in 

the living room and the main bedroom at half-hour intervals using Gemini TinyTag 

dataloggers in half of the case study dwellings.  For the other half of the sample, the 

relative humidity was estimated by substituting the actual monitored value based on 

regional proximity, occupancy number and the type of heating system.  The potential 

error introduced from this method of estimation is considered to be small since the 

relative humidity level typically experienced in the UK dwellings in winter is considered 

to have a negligible impact on thermal comfort [24, 25]. 
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Air speed – No air movement was measured as a part of the Warm Front survey.  

Instead, a minimum air velocity of 0.1 m/sec was assumed for all cases by assuming 

little window operation on account of the cold external temperature. 

Clothing – In response to the question ‘Please tick the box which best describes your 

clothing’, the respondents were asked to select the appropriate clothing description 

from a check-list shown in Table 1.  The table shows the estimated insulation value 

rated in units of clo (1 clo = 0.155m2KW-1) corresponding to each clothing level [25].  

For sedentary householders (‘very little activity’) 0.15 clo was further added to the total 

insulation level in order to take into account the insulation effect of a chair [26]. 

Table 1 
Clothing description and the equivalent (estimated) insulation level. 

Clothing description Insulation level (clo)
a
 

Lightweight trousers or skirt/dress, with short sleeved shirt or blouse 0.50 

Long sleeved pullover or cardigan with  medium weight trousers, 
skirt or dress 

0.75 

Heavyweight pullovers or jackets, thick trousers or dresses or 
thermals with medium weight clothing 

1.10 

Outdoor clothes or heavy clothing with thermals or extra layers of 
thick clothing 

1.55 

a
 Insulation effect of chair excluded (0.15 clo). 

Activity – In response to the question ‘In the last half hour how active have you been’ 

the respondents were asked to select the appropriate activity level from a check-list 

shown in Table 2.  The table shows the estimated metabolic rate in units of met 

corresponding to each activity level [25]. 

Table 2 
Activity level and the equivalent (estimated) metabolic rate. 

Activity level Metabolic rate (met) 

Very little activity 
Sitting, lying down, standing , little 
movement around home 

1.0 

Light activity 
Moving around home, cooking, light 
housework, light DIY 

1.5 

More vigorous activity 
Brisk walking, scrubbing, vacuuming, 
coming in from outside. 

2.0 
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5.4.  Neutral temperature 

The neutral temperature indicates the ambient temperature at which the occupants are 

mostly likely to experience thermal comfort, i.e. index of 0 on the seven-point thermal 

comfort scale.  For each dwelling, the neutral temperature was predicted using a 

linear model regressed against the indoor temperature as a function of the CV using 

the “FORECAST” function in Excel.  The neutral temperature was predicted only for 

those dwellings which recorded three or more different thermal comfort sensations in 

order to guarantee a good fit of the regression lines.  The neutral temperature was 

obtained from a total of 1951 dwellings. 

5.5.  External temperature 

The external temperature was measured using Gemini TinyTag dataloggers placed in 

central locations in each of the surveyed urban clusters.  The measurements were 

continuously recorded at half-hourly intervals over the two surveyed winters of 2001/02 

and 2002/03 spanning the months from November to April.  In this study, the 

monitored external temperature was used as an indicator of whether the temperatures 

were low enough to require space heating over the surveyed period. 

6.  Characteristic of the case study dwellings and households 

52% of the case study dwellings were of terraced type followed by 37% semi-detached.  

In comparison, the terraced dwellings in England make up only 30% and semi-

detached 31%.  In contrast, flats and detached dwellings comprised only 11% of the 

Warm Front sample compared to the English average of 38%. 

The Warm Front properties were of the older stock with 85% pre-dating 1965 

compared to 60% in England [27].  This age difference is also reflected in the type of 

wall construction with 32% of the Warm Front dwellings having solid wall construction 

(typical: 225mm brick masonry, no cavity space) compared to 24% in England.  The 

rest were predominantly of masonry cavity wall construction (typical: 105mm external 

brick masonry – 50mm air space – 105mm internal brick or concrete masonry) while 

timber or steel or other construction type made up only 3% as in England. 

The mean SAP rating (a measure of domestic space and water heating energy 
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efficiency ranging from a score of 0 to 120 where higher values represent greater 

energy efficiency) of the pre-Warm Front dwellings was 41 compared to 51 in England 

in 2001.  82% of the pre-Warm Front dwellings had either no or partial insulation and 

75% had no gas central heating.  The mean SAP rating increased to 62 post-Warm 

Front.   

The mean floor area per person was 52 m2 which is 18% greater than the English 

average of 44 m2.  This was due to single occupancy households comprising 62% of 

the elderly households and 51% of the younger households, both of which were higher 

than the English average of 41%.  58% of the case study dwellings were represented 

by households that included an elderly person; 67% were suffering from a long-

standing illness, disability or infirmity.  Owner-occupied dwellings constituted 80% of 

the Warm Front dwellings and privately rented dwellings 20%.   

7.  Results 

7.1.  External temperature 

The mean monitored external temperature (November - April) was 6.9°C in both 

winters (winter 1: SD 3.9°C; winter 2: SD 4.1°C).  The temperature was the coolest in 

Newcastle at 6.0°C (SD 3.8°C) and the highest in Southamption at 8.2°C (SD 3.8°C).  

The coolest mean monthly temperature was recorded in December 2001 at 3.2°C (SD 

3.3°C) and the highest in April, 2002 at 10.1°C (SD 4.4°C).  The monitored external 

conditions indicate that the temperatures were low enough to require indoor heating 

when the thermal comfort surveys were being carried out. 

7.2.  Response rate 

A total of 2399 ‘completed’ thermal comfort diaries were obtained from 2519 dwellings 

that were provided with the thermal comfort diaries.  68% of the diary respondents 

were female and 263 dwellings (11%) provided completed diaries for the full 11 days.  

Diaries were completed for an average number of 8.5 days with 75% of the households 

supplying data for 8 days or more. 

7.3.  Impact of Warm Front on thermal comfort 

The variability of CV between the pre and the post-Warm Front dwellings is compared 

in Fig. 1a and b respectively disaggregated by the room type (living room, bedroom), 
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time of day (8 a.m., 7 p.m.) and the age of the vulnerable household member (<60 yrs, 

>=60 yrs).  The mean indoor temperatures – as recorded by the temperature strips – 

associated with the mean CV indices are included in parenthesis.  The shaded band 

indicates the thermally ‘comfortable’ range (-0.5 ≤ CV ≤ 0.5). 

Fig. 1a shows that the mean CV of all the groups, except for the living room and the 

evening, is in the ‘comfortably cool’ (-1.5 ≤ CV ≤ -0.5) range.  The coolest condition 

was found in the bedroom and in the morning with an average CV of -1.1 and mean 

temperatures of 16.0°C (SD 2.8°C) and 16.3°C (SD 2.5°C) respectively.  These 

temperatures are clearly at levels which are known to increase the risk of respiratory 

infection from cold strain [28].  The living room and the evening were the only two 

groups with mean comfort levels in the ‘comfortable’ (-0.5 ≤ CV ≤ 0.5) range with mean 

temperatures of 18.3°C (SD 2.3°C) and 17.9°C (SD 2.4°C) respectively.  23.7% of the 

households in the pre-Warm Front group found the indoor condition ‘too cool’ (20.1%) 

or ‘much too cool’ (3.5%), 40% found it ‘comfortably cool’, 33.3% ‘comfortable’ and only 

3.1% ‘comfortably warm’. 

The benefit of Warm Front is evident in Fig. 1b with improved thermal comfort condition 

across all the groups and their mean values all within the ‘comfortable’ range.  The 

greatest improvement was observed in the elderly group, mainly from the introduction 

of gas central heating, increasing the mean CV index by about 1 unit and the 

temperature by 2.3°C to 19.1°C (SD 2.1°C) surpassing the condition in the younger 

households.  A large improvement was also observed in the bedroom with a 2.2°C 

rise followed by the morning with a 2.0°C rise, the two groups that were the coolest 

before the upgrade. 

Warm Front had the least impact in the younger households which saw an increase in 

the mean CV by 0.5 units and the temperature by 1.1°C.  The impact in the living 

room and in the evening was also small due to these groups already having maintained 

high temperature and comfort condition prior to the upgrade.  

Following the Warm Front intervention, the proportion of households that were 

‘comfortable’ or warmer increased from 36.4% to 78.7%.  The proportion of dwellings 

with mean temperatures below 16°C also reduced from 30.2% to 7.2%.  Despite the 
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upgrade, 6.6% of the householders still found the living room ‘too cool’ or ‘much too 

cool’.  These conditions were also found in 14.5% in the bedroom, 15.1% in the 

morning, 5.3% in the evening, 7.9% in the younger group and 1.7% in the elderly group. 
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Fig. 1. 
Impact of Warm Front on thermal comfort (Comfort Vote) disaggregated by room type, 
time of day and age of vulnerable householder.  (Solid horizontal line indicates mean 
Comfort Vote; monitored indoor temperature is included in parenthesis; the box 
represents interquartile (IRQ) range (1st quartile to 3rd quartile); the vertical lines 
extend to the highest and the lowest values not considered as outliers (<3rd quartile + 
1.5 x IRQ, >1st quartile – 1.5 x IRQ); black dots represent moderate outliers (>3rd 
quartile + 1.5 x IRQ, <1st quartile – 1.5 x IRQ); white dots represent extreme outliers 
(>3rd quartile + 3 x IRQ, <1st quartile – 3 x IRQ); The shaded area indicates the 
‘comfortable’ range). 
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7.4.  Comfort Vote and Predicted Mean Vote compared 

The boxplots in Fig. 2a and b compare the variability of the self-reported CV and the 

theoretical PMV in relation to the monitored indoor temperature.  Both indices clearly 

indicate improved thermal comfort with increasing temperature, although the comfort 

perception can vary considerably within each temperature band.  For instance, there 

were householders who found conditions below 16°C to be comfortable while in a few 

cases temperatures above 21°C was considered to be still cool.   

A comparison of Fig. 2a and b shows that for the same temperature band, the comfort 

conditions predicted by PMV are lower than CV by an average of 0.5 unit.  This 

variation seems to result in a difference of 1.5°C between the PMV and the CV 

predicted neutral temperatures with the average Warm Front households finding 

18.9°C to be comfortable while the PMV model predicted a higher level of 20.4°C as 

shown in Fig. 3.  The minimum air speed of 0.1 m/sec specified for the PMV model 

can’t explain the discrepancy between CV and PMV since a greater air speed would 

have resulted in lower PMV scores. 
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Fig. 2. 
Comfort Vote and Predicted Mean Vote in relation to indoor temperature.  (The box 
represents interquartile (IRQ) range (1st quartile to 3rd quartile) with the mean shown 
in solid horizontal line; the vertical lines extend to the highest and the lowest values not 
considered as outliers (<3rd quartile + 1.5 x IRQ, >1st quartile – 1.5 x IRQ); black dots 
represent moderate outliers (>3rd quartile + 1.5 x IRQ, <1st quartile – 1.5 x IRQ); white 
dots represent extreme outliers (>3rd quartile + 3 x IRQ, <1st quartile – 3 x IRQ); The 
shaded area indicates the ‘comfortable’ range). 
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(b)  Predicted Mean Vote (n = 2360) 
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Fig. 3. 
Neutral temperature predicted by Comfort Vote and Predicted Mean Vote.  Neutral 
temperature is estimated from the regression line when thermal comfort is neutral (CV, 
PMV = 0). 
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(b)  Predicted Mean Vote 

T = 2.2pmv + 20.4

R2 = 0.3672

0

5

10

15

20

25

30

-4 -3 -2 -1 0 1 2 3

Predicted Mean Vote

In
d
o
o

r 
T

e
m

p
e
ra

tu
re

 (
d
e
g
 C

)

 



 

 105 

7.5.  Impact of insulation and central heating on thermal comfort and clothing 

The impact of full insulation (loft and cavity wall insulation) and central heating on CV 

and the clothing level is compared in Table 3.  The table shows the mean values and 

the change relative to the baseline group (no insulation and no central heating).  The 

partially insulated dwellings (loft insulation only or cavity wall insulation only) are 

excluded from this comparison. 

The combination of insulation and central heating resulted in the greatest rise in CV by 

an average index of 1.01 (95% CI: 0.90, 1.11) followed by central heating alone by 0.60 

(95% CI: 0.47, 0.72) followed by insulation alone by 0.42 (95% CI: 0.30, 0.55).  The 

combination of insulation and gas central heating measures resulted in a mean CV 

index close to neutral (CV = -0.05, 95% CI: -0.11, 0.02). 

Although small, the level of clothing was found to decrease with increased energy 

efficiency.  Compared to the baseline group, the mean clothing insulation level was 

0.07 clo (almost equivalent to the insulation level provided by a T-shirt) less in 

dwellings that were fully insulated and centrally heated.  Central heating by itself was 

associated with a reduction in the clothing level by 0.04 clo and full insulation by 0.03 

clo.  Insulation and central heating, on the other hand, were found to have no 

significant impact on the self-reported activity level (not shown). 
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Table 3 
Impact of insulation and central heating on thermal comfort (Comfort Vote) and clothing. 

Comfort Vote Clothing (clo) 

Intervention type 
No Mean 

Difference 
relative to 
baseline group 
(95% CI) 

No Mean 

Difference 
relative 
to baseline group 
(95% CI) 

No intervention a 297 -1.05  0 292 0.82  0 

Insulation only b 217 -0.63 
0.42 (0.30, 0.55) 
e 

217 0.78 
-0.03 (-0.06, 
0.00) e 

Heating only c 226 -0.46 
0.60 (0.47, 0.72) 
e 

224 0.78 
-0.04 (-0.07, -
0.02) e 

Insulation + 
heating d 

509 -0.05 
1.01 (0.90, 1.11) 
e 

503 0.75 
-0.07 (-0.09, -
0.05) e 

a  No insulation, no gas central heating. 
b  Cavity wall insulation, loft insulation (>=100mm), no gas central heating. 
c  No insulation, gas central heating with or without local heater(s). 
d  Cavity wall insulation, loft insulation (>=100mm), gas central heating with or 
without local heater(s). 
e  Mean difference to the baseline group is significant to 0.05 level. 
 

 

7.6.  Impact of insulation and central heating on indoor and neutral 

temperatures 

Table 4 shows the impact of full insulation and gas central heating on the mean indoor 

temperature and the neutral temperature.  The table shows the mean values and the 

change relative to the baseline group.  Again, the partially insulated dwellings are 

excluded from this comparison. 

The combination of insulation and central heating resulted in the greatest increase in 

the indoor temperature by 2.83°C (95% CI: 2.52, 3.14) followed by central heating 

alone by 1.89°C (95% CI: 1.51, 2.26) and insulation by 1.19°C (95% CI: 0.81, 1.57).  

The neutral temperature, which in theory should remain constant, was in practice found 

to increase with energy efficiency measures, in particular the change was statistically 

significant in relation to central heating.  Full insulation and central heating were 

associated with the greatest increase in the neutral temperature by 0.63°C (95% CI: 

0.31, 0.95) followed by gas central heating alone by 0.36°C (95% CI: -0.02, 0.74) 

whereas full insulation by itself was found to have no impact. 

The similarity between the indoor temperature (19.24°C, SD 1.86°C) and the neutral 
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temperature (19.32°C, SD 1.69°C) in the insulated and centrally heated group indicates 

that thermal comfort was achieved in this group (CV: -0.05, SD 0.62).  In contrast, 

despite the lowest neutral temperature (18.69°C, SD 2.47°C) observed in the baseline 

group, the lower monitored indoor temperature (16.42°C, SD 2.41°C) indicates that 

thermal comfort cannot be attained in these dwellings without the aid of insulation or 

gas central heating or both (CV: -1.05, SD 0.85). 

Table 4 
Impact of insulation and central heating on indoor temperature and neutral temperature. 

Indoor temperature (°C) e Neutral temperature (°C) 

Intervention type 
No 

Mea
n 

Difference 
relative to 
baseline group 
(95% CI) 

No 
Mea
n 

Difference 
relative  
to baseline group 
(95% CI) 

No intervention a 
30
8 

16.4
2 

0 
25
2 

18.6
9 

0 

Insulation only b 
21
7 

17.6
1 

1.19 (0.81, 1.57) f 
18
7 

18.7
5 

0.06 (-0.32, 0.43) 

Heating only c 
22
8 

18.3
0 

1.89 (1.51, 2.26) f 
17
9 

19.0
6 

0.36 (-0.02, 0.74) 
g 

Insulation + 
heating d 

51
2 

19.2
4 

2.83 (2.52, 3.14) f 
38
4 

19.3
2 

0.63 (0.31, 0.95) f 

a  No insulation, no gas central heating. 
b  Cavity wall insulation, loft insulation (>=100mm), no gas central heating. 
c  No insulation, gas central heating with or without local heater(s). 
d  Cavity wall insulation, loft insulation (>=100mm), gas central heating with or 
without local heater(s). 
e  Indoor temperature is the mean of living room and bedroom at 8 a.m. and 7 p.m. 
f  Mean difference to the baseline group is significant to 0.05 level. 
g  Mean difference to the baseline group is significant to 0.06 level. 
 

 

7.7.  Determinants of thermal comfort 

In addition to the different energy efficiency measures examined above, a number of 

household and property related variables were examined as potential determinants of 

thermal comfort using the multivariate analysis.  Among those examined, ‘satisfaction 

with the heating system’ was associated with a greater level of thermal comfort while 

the ‘presence of moisture and mould’ was a strong indicator of thermal discomfort.  

Although clothing was a significant determinant, increased clothing level was 

associated with greater thermal discomfort indicating that clothing did not offset the 

thermal discomfort at lower temperatures. 
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Activity level was not found to be a significant indicator most likely because of the small 

range of variation observed in the Warm Front sample (1.35 met, SD 0.18). Property 

characteristics such as building age and type were not significant and likewise 

household characteristics such as tenure, tenure length, household size, income and 

ethnic background were also unrelated to thermal comfort.  No difference in thermal 

comfort was found between the two Warm Front age groups once the impact of gas 

central heating was taken into account.  No significant relationship was found between 

the external temperature and the thermal comfort and likewise in relation to the neutral 

temperature. 

8. Discussion and conclusion 

8.1.  Thermal comfort 

Warm Front was effective in increasing the mean indoor temperature by 1.9°C from 

17.1°C (SD 2.3°C) to 19.0°C (SD 2.1°C).  This resulted in an increase in the mean 

thermal comfort (CV) from ‘comfortably cool’ (-0.9) to ‘comfortable’ (-0.1) with 78.7% of 

the post-Warm Front respondents finding the indoor environment to be ‘comfortable’ or 

warmer (CV ≥ -0.5) compared to only 36.4% in pre-Warm Front.  Increased thermal 

comfort is a great benefit of the Warm Front scheme in addition to the environmental 

and health benefits [6, 7, 28].  On the other hand, Warm Front was not entirely 

successful in removing all of the post-Warm Front occupants from cold living condition 

with 4.2% still reporting ‘too cool’ or colder.  In terms of temperature, 28.2% of the 

post-Warm Front dwellings still recorded temperatures below 18°C and 7.4% below 

16°C [29]. 

Insulation and gas central heating measures were both found to have different degrees 

of impact on the thermal comfort and the indoor temperature.  Compared to the 

baseline case, i.e. dwellings that are non-insulated and non-centrally heated, full 

insulation alone was associated with a mean increase in CV by 0.42 units (95% CI: 

0.30, 0.55) and the indoor temperature by 1.19°C (95% CI: 0.81°C, 1.57°C).  Greater 

impact was observed with gas central heating resulting in an increase in CV by 0.60 

units (95% CI: 0.47, 0.72) and the temperature by 1.89°C (95% CI: 1.51°C, 2.26°C).  

As expected, the combination of insulation and central heating resulted in the greatest 

improvement in CV by 1.01 units (95% CI: 0.90, 1.11) and the temperature by 2.83°C 
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(95% CI: 2.52°C, 3.14°C) bringing the mean thermal comfort level close to neutral (CV 

= -0.05, 95% CI: -0.11, 0.02).  The improvements in temperature and thermal comfort 

clearly demonstrate the process of take-back associated with energy efficiency.  While 

a large portion of the take-back from insulation can be explained as the result of 

improved thermal performance of the building fabric [30], the take-back associated with 

central heating supports occupancy behaviour as the primary cause. 

8.2.  Neutral temperature 

The take-back from occupancy behaviour seems to be caused not only by the desire to 

achieve thermal comfort but also due to a change in the thermal comfort standard as 

reflected by the increase in the neutral temperature.  Compared to the baseline case, 

the neutral temperature in the insulated and centrally heated dwellings was higher by 

0.63°C (95%CI: 0.31°C, 0.95°C) and in the centrally heated only dwellings by 0.36°C 

(95%CI: -0.02°C, 0.74°C). 

The rise in the neutral temperature with increasing energy efficiency measure could 

partly be explained by the ’take-off’ effect of clothing which level when compared to the 

baseline case was lower by 0.07 clo (95%CI: -0.09, -0.05), i.e. insulation level almost 

equivalent to that provided by a T-shirt, in the insulated and centrally heated dwellings 

followed by centrally heated only dwellings which was lower  by 0.04 clo (95%CI: -

0.07, -0.02) followed by insulated only dwellings which was lower by 0.03 clo (95%CI: -

0.06, 0.00).  The take-off effect demonstrates that improved energy efficiency seems 

to encourage householders to seek increased physical comfort through less clothing 

perhaps induced by the psychological comfort of having a reliable heating system and 

reduced fuel cost.  Improved distribution of warmth throughout the house is also likely 

to result in the take-off due to occupants’ clothing no longer reflecting the former cooler 

condition of the less well heated parts of the dwelling before the retrofit. 

The rise in the neutral temperature could also be the result of the psychological 

expectation of increased comfort condition in centrally heated dwellings.  For instance, 

the higher neutral temperature (not shown) observed in the living room (19.4°C, SD: 

2.0°C) than in the bedroom (18.0°C, SD: 2.3°C) and in the evening (19.3°C, SD: 2.1°C) 

than in the morning (18.4°C, SD: 2.1°C) may suggest a process of mental association 

of warmer temperatures with rooms and situations that are traditionally better heated.  
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Activity or clothing could not explain the higher neutral temperature in the evening 

since higher mean activity level was observed in the evening (1.41met, SD: 0.22 met) 

than in the morning (1.28 met, SD: 0.23 met) while no significant difference in the 

clothing condition was found (am: 0.78 clo, SD: 0.16 clo; pm: 0.78 clo, SD: 0.15 clo).  

Similarly, the activity and the clothing levels could not explain the difference in the 

neutral temperature between the two rooms since their comfort assessments were 

made at the same time. 

8.3.  Comfort Vote versus Predicted Mean Vote 

18.9°C was found to be the average Warm Front neutral temperature whereas a higher 

level of 20.4°C was predicted by PMV (Fig. 3).  A temperature difference of 1.5°C 

represents space heating fuel savings in the range of 6~10% [31] which is a significant 

amount when projected at a national scale.  The higher PMV predicted neutral 

temperature may explain the origin of 21°C as the minimum indoor temperature 

recommended by the World Health Organisation (WHO) for the aged and the young 

[32] and also the minimum demand temperature (thermostat temperature) for which the 

UK dwellings are currently designed and energy rated in domestic energy models such 

as BREDEM [33]. 

One reason for the lower CV predicted neutral temperature could be due to 

acclimatization to cooler environment by the Warm Front households.  This is because 

the average indoor temperature of the Warm Front dwellings prior to the intervention 

was 18.3°C (SD 2.4°C) in the living room and 15.9°C (SD 2.8°C) in the bedroom, levels 

much lower than the mean internal temperature of 19.1°C found in English dwellings in 

2001 [34].  The Warm Front occupants with cool temperature history may find even a 

slight increase in the indoor temperature as feeling comfortable [35]. 

Acclimatization to the external weather condition, on the other hand, is not considered 

to be an explanatory factor for the lower neutral temperature in Warm Front dwellings 

as supported by the lack of statistically significant relationship between the two (section 

7.7).  The main reason is thought to be the conditioned nature of the Warm Front 

dwellings although it was originally suspected that their low energy efficiency would 

have lent them sensitive to the outdoor condition.  The clothing habit, which often 

functions as the causal link between indoor thermal comfort and the outdoor weather, 
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is not likely to be a significant link to the outside condition in this study since clothing 

decisions by the Warm Front householders were not likely to have been dictated by the 

weather, when considering the vulnerable nature of the householders [36].   

The lower neutral temperature could also be explained by the householders 

associating cooler temperatures with qualities such as healthy lifestyle and better air 

quality.  Interviews have revealed householders associating warmer conditions with 

increased ‘stuffiness’ which was in turn thought to cause or reinforce asthma [29].  

This association may be due to increased irritation of the mucus membrane from dryer 

condition following the Warm Front upgrade [22]. 

The lower neutral temperature may also be due to a greater thermal tolerance from 

being in a home environment where the occupants can easily adapt their posture or 

clothing to attain comfort.  This may also explain why the PMV index is found to be 

less effective in predicting thermal comfort in the Warm Front dwellings where the 

thermal comfort range could be wider than that in an office type environment where 

occupants have limited control over personal comfort [8, 19, 37]. 

Since many Warm Front households had less than a year of settling in period following 

the upgrade, a revisit study investigating the long-term impact could reveal an increase 

in the neutral temperature over time.  On the other hand, the post-Warm Front living 

room neutral temperature of 19.7°C (SD 2.2°C) is remarkably close to the findings of 

the English House Condition Survey (EHCS) where the average temperatures judged 

by the residents to be ‘comfortable’ (EHCS 1991) [38] and ‘about right’ (EHCS 1996) 

[39] was 19.4°C for the living room suggesting that saturation in comfort demand may 

have been achieved in the post-Warm Front dwellings.  Also evidence from a 

longitudinal survey of household temperature undertaken in 15 well-insulated and gas 

centrally heated dwellings in Milton Keynes Energy Park in England revealed no 

significant change in the internal temperature after a 16 year period supporting the 

possibility that the post-Warm Front household temperature may also see little change 

into the future [40]. 

The difference between the CV and the PMV indices can also be attributed to the 

quality of the input variables used in the PMV model.  The decision to use the strip-
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temperature which on average was found to be 0.3°C lower than the logger-

temperature could partly explain the lower PMV index.  The use of computer 

simulation to predict the mean radiant temperature and the simplified method used to 

record the clothing and the activity levels are also potential sources of error [41].  On 

the other hand, these limitations highlight the difficulty in guaranteeing a robust 

performance of the PMV model outside laboratory conditions and particularly when 

dealing with a large sample size as in the Warm Front study.  A validation study on a 

sub-sample of dwellings to assess the accuracy of the estimated variables such as the 

mean radiant temperature and air velocity would have been useful in assessing the 

accuracy of the PMV prediction but such study was not carried out in this study. 

8.4.  Conclusion 

This study analyzed the impact of the Warm Front energy efficiency scheme on 

domestic thermal comfort based on field-surveyed data collected from a large sample 

of low-income households in England.  This study is unique in that few thermal 

comfort studies in the past have focused on the domestic condition in winter.  The 

evidence shows that the introduction of insulation and central heating leads to 

increased indoor temperature and improved thermal comfort clearly demonstrating the 

process of take-back which explains why no reduction in energy consumption was 

observed following the Warm Front improvement [20].  The take-back process is the 

result of the combined effect of improved building fabric thermal performance – mainly 

associated with insulation – and occupancy behaviour demanding increased 

temperature for thermal comfort and less clothing for physical comfort – mainly 

associated with central heating.  The combination of both insulation and central 

heating was found to be most effective in attaining the desired thermal comfort 

condition despite the associated increase in the neutral temperature.  For the same 

temperature range, the PMV index was found to under-predict the actual thermal 

comfort condition and consequently predicted a higher neutral temperature of 20.4°C 

compared to 18.9°C which the average Warm Front households found to be 

comfortable.  Due to the specific socio-economic characteristic of the Warm Front 

households, caution is required in extrapolating any conclusions to the general 

population. 
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APPENDIX 5:  Warm Front Property Condition Survey Sheet 
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APPENDIX 6:  Warm Front Household Condition Survey Questionnaire
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APPENDIX 7:  Warm Front Thermal Comfort Diary Sheet
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APPENDIX 8:  Warm Front Income Survey Sheet 
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