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O.1 Introduction 
Historically, projections of future energy use were done on the basis of securing sufficient long-term 
supply to meet demand. Usually, these projections erred on the side of caution, resulting in over capacity 
in the longer term.  In making these predictions, there was a reliance on top-down econometric models, 
since these were relatively easy to create and use. This is beginning to change. In an era of climate change 
policy, where legally binding emission-reduction targets are becoming prevalent, there is a need to 
understand what is happening to consumption and associated greenhouse gas emissions at a sub-sector 
level.  
 
It is becoming increasingly important to know the extent to which consumption is being modified and can 
be modified by governments’ actions – in order to establish what can be done and whether targets will be 
met. Where top-down models proved sufficiently adequate in the past, the need is now for accurate 
bottom-up models to explain sub-sector activity.  Since 1994 the ECI has been developing such a model 
for the domestic sector. 
 
The ECI’s DECADE model contains historic information on demographic, technical, ownership, and 
usage data to estimate energy consumption and emissions. These are extrapolated to provide information 
up to the year 2020.  It is now sufficiently rigorous to provide the base case, or reference data set, for 
DETR’s Market Transformation discussions on domestic lights and appliances. These data are also used 
as input for other national models, eg, BRE’s domestic model (BREHOMES) and at a macro level DTI’s 
model (EP66, 1995) and have been used to inform the national programme on climate change (CCP, 
2000). 
 
*Top-down useful for economic, bottom-up product-specific policy 
 
Without an end-use model of energy consumption, comment on the expected effect of potential product-
level policy would be pure conjecture. Thus, the CADENCE project has employed the DECADE end-use 
model, and this appendix provides an outline of the modelling approach.  
 
The type of end-use model used in the DECADE (1995, 1997) projects at the Environmental Change 
Institute is known as a vintage stock model. It has also been applied by the ECI to various EU studies, 
such as the EU ‘wet’ appliances study (GEA, 1995), the ‘standby’ study (NOVEM, 1996), DELight 
(1998) and the recently completed ‘ovens’ study (Kasanen, 2000).  

O.2 Stock model 
This type of model describes the stock, or the age-profile of the total numbers of an appliance type in 
people’s homes. As an example, Figure O.1 gives the age-profile for fridge-freezers in the UK, where the 
top line is the number of fridge-freezers in the UK stock each year. It can be seen that the number of 
fridge-freezers owned in the UK has increased from zero in 1970 to around 15 million in 1999, and is 
projected to rise to almost 19 million in 2020. This continued increase in numbers is due to the increasing 
number of households, rather than increasing household ownership, which is projected to saturate at 65%. 
Each shaded bands in the figure represents the number of appliances still in the stock, but bought in the 
same year. The single white band, beginning in 1990, represents the sales in 1990 and the number 
remaining in subsequent years. By 2010, this white band has almost tapered away – of the expected 
fridge-freezers in people’s homes in 2010, very few will have been bought in 1990. 
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Figure O.1  Stock of fridge-freezers in the UK 

The stock in any one year is aggregate of the shaded bands to give the age distribution profile for this 
appliance type. The grouped white lines in the top right of the graph are the sales of fridge-freezers after 
the year 2000. The shaded lines to the left and beneath, the ones bought before 2000, clearly show the 
time delay in new appliance filtering through the stock. Even by 2020, there are still expected to be some 
fridge-freezers in people’s homes that were bought before 2000. 
 
Principal equation 
A vintage stock models allow for the time-related effects of new products entering and old ones leaving 
the stock of appliances, and enables the evaluation of the effect of policy options on energy consumption. 
This type of model is most useful for analysing the effect of changes in technology, usage or ownership 
through time and is described mathematically by the following equation for each appliance type. 
 
  
 
Energy(k)  = 

  2020 

 Σ    
k=1970 

   k 

  Σ    
j=1970 

  
 
Sales(j) x  Remain(j,k)  x Power(j)  x Hours(k) 
 

 
 

(1)

 
where: 

Energy(k) is the estimated energy consumption (kWh) of all appliances in year k 
Sales(j) is the number of appliances sold in year j 
Remain(j,k) is the proportion of the appliances sold in year j and still remaining in the stock in 

year k 
Power(j) is the average power demand (kW) of all appliances sold in year j 
Hours(k) is the average usage (hours) of all appliance owned in year k 

 
The estimated consumption figures for each appliance type are summed to give total energy consumption 
by all end-uses within the area/country. 
 
To describe the underlying principle of this model, consider the electricity consumption of all, say, 
televisions from the year 1970 through to 2020 (ie k = 1970...2020). In this example, the electricity 
consumed in, say, 1990 (k=1990) will be the energy used by all the televisions sold up to this year and 
still remaining in the stock (j=1970...1990). It will be a combination of the weighted (by the number 
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remaining) average power demand in each these years (j) and the average number of hours that televisions 
are in use in 1990. The average power demand may change through time due to the range available and 
bought by consumers, reflecting changing efficiency and features. 
 
Estimating sales data from ownership 
However, it is common for sales volume data, Sales(j), to be unavailable or to have missing years. In 
these cases, the sales data can be derived from the total number of appliances in the stock, which can be 
derived from ownership data. Indeed, government agencies and market research companies regularly 
undertake surveys of appliance ownership. Since the variance of the ownership data is less than that of the 
sales data, due to fluctuations with changing market conditions, it is easier to interpolate missing 
ownership data, and to and also make projections of these data.   
 
Data on ownership are usually an amalgam from a variety of sources, which are smoothed using a low 
pass filter function, to provide a smooth and continuous (ie, interpolate missing values) time series 
(Figure O.2). The smoothing algorithm used is the IRWSMOOTH algorithm (Young et al, 1991), which 
will filter out large inter-annual fluctuations – more likely to be due to sampling noise, than real changes 
in ownership. 
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Figure O.2  Ownership of fridge-freezers in the UK 

 
If the ownership levels are known, then the stock of appliance is simply the product of ownership and 
household numbers: 
 
Stock(k)  =  Households(k)  x  Ownership (k) (2)
 
where: 
 Households(k) is the number of households, eg, UK. 

Ownership (k) is the household ownership (proportion) in the country considered. 
 
Ownership levels, annual sales and the lifetime of an appliance are inter-related variables, so that it is 
possible to estimate the third if any two are known. For instance, a new purchase is either going to be a 
first-time purchase (increasing ownership levels) or to replace an existing machine that has broken down 
(at the end of its useful life). Thus, the sales data can be estimated from ownership data if the average 
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appliance lifespan is known. The average lifespan is sometimes available from life cycle analyses, though 
it can be estimated numerically if sufficient data are available. Through rationalising known sales and 
ownership data it is also possible to provide a (least squares) estimate for the average lifespan over the 
whole observation period. Where there are sufficient data, this approach is preferable since it provides a 
better estimate of the useful appliance lifetime. 
 
Estimating sales from known stock of appliance can be represented as follows: 
 
 
 
Estimated-Sales(k) = Stock (k)  –  

  2020 

 Σ    
k=1970 

   k-1 

  Σ    
j=1970 

  
 
Estimated-Sales(j) x  Remain(j,k) 
 

 
 

(3)

 
The function Remain(j,k), which is the same function as in Equation 1, describes the proportion of the 
appliances sold in year j and still remaining in the stock in year k. In this project it is derived by assuming 
that the lifespan profile of each appliance type follows a normal distribution (modelled by two 
parameters: the mean and the variance). The average lifespan, or half-life, is defined as the time taken for 
50% of each appliance type sold in a given year to leave the stock of appliances.  An example is shown in 
Figure O.3 for fridge-freezers sold in 1980 with an lifespan of 18 years. 
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Figure O.3  Fridge-freezers sold in 1980 and remaining in stock, UK 

So, of the 650,000 appliances bought in 1980, around 320,000 were left in 1998, and it is likely that a few 
remain after the year 2000. Of course, the normal distribution used here can be replaced by any other 
function that describes the proportion of the stock remaining after a given length of time.  
 
Unit electricity consumption and cross checking 
Once consumption by the appliance type has been estimated the average (unit) electricity consumption 
per household  - the UEC value, for each year k - is easily derived: 
 
UEC(k)  = Electricity(k)  / Stock(k) (4)
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This average figure may be checked against measured data for individual households where this has been 
collected, though these are often from small samples. Even so, measured data provide useful insights into 
how an appliance is actually used; the difference between test conditions and the home; the effect of 
deterioration and so forth. 

O.3 Estimating confidence intervals 
Energy consumption by domestic lights, appliances and water heating has been estimated through time 
using the stock model explained earlier. These estimates, known as point estimates, are not exact and are 
subject to the error of the input data (such as, ownership, life span and usage of appliances). And, of 
course, these inputs also become less certain (ie, have a larger margin of error) when they are projected 
into the future. 
 
The consumption figures calculated from Equation 1 are not exact figures but are expected figures, ie, 
they are the most likely figures given the data available. There will be errors on all of the input variables 
used. For instance, the ownership data are obtained from population surveys (or consumer panels), the 
sample size and representativeness of which will determine the confidence in the measured value. Hence, 
for a sample of 5,000 households, a household ownership figure is likely to be correct to within 0.5%. 
 
The DECADE model is used primarily to estimate likely savings by comparing two different scenarios (for 
instance the economic and technical potential in comparison with the reference case). Many of the 
uncertainties about future projections (eg, ownership levels) will be common to both scenarios so that the 
errors on the savings are less than the errors on the actual consumption figures themselves. The modelling 
above can be extended to include a statistical measure of uncertainty on the scenario estimates. The most 
obvious method to use is a Monte Carlo simulation, as used in the analysis of UK domestic electricity 
usage carried out by DECADE (1997).   
 
The confidence limits on the estimated consumption can be calculated by employing a Monte Carlo 
method. The technique is computationally intensive but allows confidence limits to be estimated where 
the certainty of input variables is known. This method will state the level of confidence in the estimates of 
consumption.  
 
The Monte Carlo simulation process is as follows. Error ranges (or more correctly, probability density 
functions - distributions of the likelihood of a variable’s true value) are specified for each of the input 
variables (ie, the average new consumption of a machine sold (Tech) through time, the ownership (Own) 
through time and the average life span (Lifespan)). Using a random number generator, a random number 
is chosen (from the appropriate probability density function) for each of the input variables, and the 
energy consumption estimated using the stock model. This process is repeated many times (greater than 
1000) and the (many) calculated results are used to describe a (probability likelihood) distribution of the 
actual consumption. The mean of all of the estimateswill be the point estimate (if the probability density 
functions are normal), whilst the standard deviation of this new distribution is used to determine the 
confidence level. 
 
A probability distribution for fridge-freezer consumption has been calculated by sampling the estimated 
probability density functions of the input variables, estimating the consumption and repeating the process 
many times. Plotted in Figure O.4 are the means of the estimated consumption distribution and 
confidence intervals – shown at two standard deviations either side. Two standard deviations roughly 
correspond to 95% confidence limits, which means that in the year 2020 there is a 1 in 20 chance that the 
electricity consumption in UK fridge-freezers actually lies outside the range 7495 - 9256 GWh, given the 
current underlying trends. 
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Figure O.4  Estimate of UK fridge-freezer electricity consumption (with confidence limits) 

 
The Monte Carlo method can also be used to describe how individual input variables affect the estimate 
of consumption, which can be considered as a kind of sensitivity analysis. Figure O.5 shows that the 
uncertainty on the electricity consumption estimate as a result of ownership (Own) prior to 1996 is small. 
This is because the estimates of ownership are based on very large surveys, and are well known 
historically. However, as the ownership is projected into the future, it becomes less certain, so that 
estimated consumption is also less certain.  The energy consumption values of new fridge-freezers sold 
(Tech) is best known in 1995-1999, where market research sales data have been used. Historical data and 
projections are less certain. The ‘All’ line in Figure O.5 (created by combining Tech, Own and Lifespan) 
is the one used to provide confidence intervals for the estimate of consumption by fridge-freezers (Figure 
O.4). 
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Figure O.5  Standard deviation of UK fridge-freezer electricity consumption as a result of changing 
different inputs 
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This method then reveals which are the most important variables needed for estimating consumption, and 
may in turn be used for examining the most sensitive variables further.  In addition, if these statistical 
confidence limits are estimated for the various policy scenarios then probabilities of certainty can also be 
attached to the potential energy savings. 
 

O.4 Limitations of stock model 
As with all end-use models of this kind, the effects of policy options, which change the price of the 
running fuels, cannot be estimated. Top-down models usually carry out this type of analysis where price 
elasticities are used as model parameters.  In the case of domestic energy consumption by lights, 
appliance and water heating there is little change in demand in response changes in fuel price, especially 
in the short term (0-5 years).  There is however a more noticeable effect on space heating, which is not 
considered in this report. 
 

O.5 Conclusions 
The use of an end-use model is appropriate and feasible for examining the likely effects of product-level 
policy aimed at improving the efficiency of appliances. It may also be used for estimating changes in 
ownership and the effects of fuel switching. 
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