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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.  
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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 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 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% 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 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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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:
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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 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 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 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:
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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 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% 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 (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 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 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

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 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
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.  
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 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

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 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 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 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 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 (%)

	occupancy

number
	1
	38

	
	2
	25

	
	3
	21

	
	4
	7

	
	5
	5

	
	>= 6
	4

	occupant
age
	< 60
	42

	
	>= 60
	58

	property
age
	pre 1900
	11

	
	1900-1949
	52

	
	1950-1976
	32

	
	post 1976
	5

	building
type
	flat
	7

	
	terraced
	51

	
	semi-detached
	38

	
	detached
	5

	building

construction
	cavity masonry
	68

	
	solid brick
	29

	
	timber frame
	1

	
	concrete
	2

	building
height
	single storey
	12

	
	two storey
	86

	
	three storey
	2


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/m2/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


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
(A) Longitudinal
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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
(A) Modeled
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(B) Monitored
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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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(B) Monitored
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Figure 5
Comparison of normalized space heating fuel consumption and SAP
(A) Modeled
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(B) Monitored
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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
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(B) Monitored
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