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CHAPTER 1: ELECTRICAL DEMAND AND THE DOMESTIC 
SECTOR 

In common with most developed economies, the future development of the UK ESI, 
designed in the 1950’s, is under consideration with respect to curbs on emissions, 
renewables integration and security of supply.  Various externalities are forcing change in 
the way that electricity is generated and dispatched to consumers.   
 
The principal externality that is driving this change is the desire to decarbonise electricity 
generation.  Indeed, it represents a significant proportion of UK government strategy for 
reducing national carbon emissions.  In the short term, this is being done by supporting 
the deployment of renewable sources of electrical generation, principally wind, at the 
macro scale.  It is important therefore to understand the role of the domestic sector in 
determining the actual demand curve that this revolutionised electrical generating 
paradigm will have to meet.   If the present situation regarding fuel mix for generation is 
considered, no inherent variability exists in generation capacity.  Constraints on large 
plant are largely as a result of thermodynamic and maintenance issues that are well 
known in terms of system management.  The introduction of large amounts of renewable 
supply will introduce an additional control exercise.  Variability will effectively be 
introduced from bottom up which when combined with existing demand variation from 
top down will lead to potentially difficult management problems for the UK ESI.  In 
some areas of mainland Europe (Germany, Denmark), where large penetrations of RE 
generation exist on a network, the system is managed by recourse to large flows of 
electricity across national boundaries.  These flows occur, both to ensure demand is met 
during times of low RE demand and to allow excess electricity produced from Danish 
wind farms to be used elsewhere during periods of low demand.  This option will largely 
be denied the UK ESI and alternative, imaginative options will therefore have to be 
considered. 
 
This has led increased consideration of concepts such as ‘negawatts’  [1] and 
‘commodification of non-consumption’  [2] to articulate the role of the utility and/or 
Energy Service Companies (ESCO) in managing demand to ameliorate supply issues 
(economic, security and environmental).  The idea of mass customisation of the network 
has also been proposed [3].  This would see the full value of a load being identified so 
that it can effectively be matched with its optimum generated unit e.g. a dispatchable load 
matched with an intermittent resource.  There is an inevitability, accepted within the 
industry, that the network will evolve over the next two decades from a centralised 
generation grid network to a distributed generation meshed system. [4] 
 
The ability of the ESI to manage demand from the domestic sector to ‘manufacture’  more 
ideal load profiles has been carried out for a number of years through Economy 7 heating 
provision and the teleswitching of space heaters.  This, however, is the only example in 
the UK of modifying appliance use from outside the home while ensuring that the service 
provision is maintained.  In other countries examples do exist of similar demand side 
techniques, most notably with the development of domestic air conditioning devices as 
dischargeable loads in the US, interruptible tariffs in Europe and maximum demand 
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tariffs elsewhere.   In some states of the US for instance, consumers are offered a reduced 
tariff if they permit the utility to switch of their air conditioning device during periods of 
maximum demand.  This practice has been widened to include other forms of electrical 
consumption through the introduction of ESCO’s in the US. These companies specialise 
in the provision of services such as comfort rather than the sale of energy itself.  ESCO’s 
promise to provide services to consumers while at the same time managing consumer 
demand to produce a load profile that the utility company can handle and extract 
maximum profit from.   
 
The use of appliances acting, effectively, as controllable loads was studied with respect to 
the UK with the aim of producing an idealised flat national demand curve [5].  It was 
found that modifying demand in the average UK dwelling to produce a flat national 
demand curve would require the rescheduling of discretised domestic demands that 
amounted to a maximum of 430W per household.  It was proposed that this must be 
carried out by modifying behaviour with respect to dishwashing, clothes washing and 
clothes drying to ensure that they came on during the night rather than the day.  The 
societal impact of these desired changes should, however, not be underestimated.  
Restrictions on the timing of appliance use would be fodder to the archetypal Daily Mail 
editorial.  Further work [15] considered the modification of appliances and load 
management controllers to smooth domestic load profiles. 
 
These internal and external stresses that are being placed on the current operation of ESI 
may lead to increased attention being paid to the load factor and demand level of the 
national load curve.  The contribution of the domestic sector in determining these values 
is considerable. The domestic sector is an aggregate of 24M individual loads, rising to 
28M loads by 2020.  Efforts to modify aggregate demand in this sector will require focus 
to be placed on micro-demand side management.  
 
It is important to stress the interconnectedness between efforts at a national level to 
decarbonise electrical supply and the role of the domestic sector in modifying the demand 
placed on the network.  The domestic sector is the main contributor to the evening peak 
and for the substantial gradients that occur on the national daily load profile.  The ability 
of the UK ESI to currently meet these positive gradient changes is largely met by fossil 
fuel plant. Reducing load variability on the network may therefore reduce its reliance on 
electricity generated from fossil fuel plants.   
 
The over reaching aim of Task 4 is to produce a set of indicative results that will suggest 
how the national demand profile may be affected by changes in how electrical power is 
delivered and used in the domestic sector.  The work here leans heavily on the 
assumptions developed in Task 2.  The situation of a single dwelling is considered. The 
impact of appliance design change and micro generation deployment on load profiles for 
a single dwelling is investigated.  By utilising a series of assumptions these demands are 
scaled up to allow potential impacts at the national scale to be estimated.   
 
In addition to the decarbonising agenda, there are three other principal levers acting to 
stimulate change in the UK ESI. 
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a) Energy Secur ity 
In the last 7 years, fuel mix used for generation has stabilised after the ‘dash for gas’  
period of the early 90’s (Figure 1).  As a result, the carbon intensity of electricity 
generation has also stabilised.[6] The ‘dash for gas’  period of the 90’s saw the percentage 
of electricity produced from natural gas rise from 0 to almost 40% in 7 years.  At the 
same time, electricity produced from coal fell from approximately 70% to 35%.  This 
increased reliance on gas to fuel the power industry was a function of market dynamics 
rather than environmental concern, with CCGT plant capacity able to be added to the 
network at lower capital cost and risk. 
 
This change in fuel mix is 
coinciding with the transition of the 
UK moving from being a net 
exporter of natural gas to being a 
net importer as the energy windfall 
from North Sea production 
collapses (Figure 2). [7] Further 
restructuring of the power network 
to increase the reliance on natural 
gas therefore has a potential 
political dimension as controlling 
uninterrupted supply from Siberia, 
West Africa and the Middle East 
becomes critical.   It has been 
forecast, for instance, that there is a 
one in 20 chance, on current plans, 
that UK generators will provide 
only one third of their rated capacity 
in 2020, if a politically motivated 
interruption occurs in supplies of 
gas from Russia through Belarus 
and the Ukraine to the UK. [8] 
 
 
 
 
 
 
 
 
 
 

b) Large Combustion Plant Directive (LCPD) 
The LCPD comes into force in 2008 and is designed to restrict the emission of SOx, NOx 
and PM10 [9].  From 2008, only plants fitted with Flue Gas Desulphurisation will comply 
with the directive.  Plants can opt out of the directive for the period 2008-2016, however, 
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overall emissions from the UK are capped and the operation times of the ‘opt out’  plants 
would be curtailed to such an extent that operation would not be economically feasible.  It 
is therefore likely that only those coal plants that are currently fitted with FGD will 
continue operating beyond 2008.  11GW of coal plant is currently fitted with FGD with a 
further 3GW of plant muted to be worth the investment.  The LCPD is likely to result in 
the closure of approximately10.5GW of coal plant in 2008 [10]. 
 

c) Nuclear  Decommissioning 
Nuclear power plants currently have an installed capacity of approximately 11.6GW and 
over the period 1996-2003, contributed 20-25% of the total electricity requirement in the 
UK.  The plants, largely built in the 1970’s and early 1980’s are all approaching the 
decommissioning stage and the planned programme of closure is shown in the graph 
below. [10] The associated change will result in a substantial loss of zero carbon power 
within the electricity system. 
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It is useful to consider the impact of coal and nuclear closures on the installed capacity at 
some time in the future.  In 2020, the existing CCGT plant will still be operational and the 
closures indicated above will have run their course.  The impact will be to reduce installed 
capacity from 76.3 to 49.4GW (Figure 4).  The effect of this on the carbon intensity of 
generated electricity will be determined by the choices regarding new installed capacity.  
A combination of market forces and government intervention make this likely to be a 
combination of wind and CCGT plant up to 2020.  However, assuming government 
targets on wind (RE) installations are met, the proportion of natural gas in the electricity 
generation fuel mix will be between 60 and 70%.  
 
An outcome of this forecasted, increased 
reliance on imported natural gas is that the 
certainty that their technology represents 
the one true path will intensify in the 
nuclear power lobby.  The response of the 
political ear to the increased decibels will 
be interesting to observe.  Beyond 2030, 
further turbulence will be wrought on the 
industry with the decommissioning of 
CCGT plant installed in the 1990’s and the 
maturing of emergent RE technologies.  It 
should be noted that there always has been 
a need to replace power plant and is as such 
nothing new.  There is a heightened 
spotlight on capacity decisions due to the 
political agenda under which they are being 
made.  
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Figure 5: Typical Winter and Summer Load Profiles     
for Eng & Wales in 2002 

CHAPTER 2: NATIONAL DEMAND PROFILE AND THE  
DOMESTIC SECTOR 

 
The typical demand profiles seen on the 
England and Wales network in 2002 for 
summer and winter is shown in Figure 5 
[11].   A winter peak of 51.1GW is 
recorded.  There are two significant 
gradients on the winter load curve.  Between 
05:50 and 07:45 there is an approximate 
increase of 11GW (96MW/min) in demand 
and between 15:30 and 17:15 there is an 
increase of approximately 8.5 GW (81 
MW/min).   
 
In the summer, the evening peak disappears.  
The morning gradient rise increases the 
demand requirement by 13GW but the slope 
is more gentle occurring between 05:00 and 
08:30 (62MW/min). 
 
The peak load for England and Wales is 
forecast to rise (Figure 6).  The peak load 
was actually decreasing in the early nineties 
but since has increased linearly.  This trend 
is projected to continue for the rest of the 
decade.  The increase is roughly 1GW per 
annum.  Demand for electricity grew by an 
average of 1.2% per annum over the same 
period. 
 

 
 
 

 
Domestic Load Profile 
The national load profile is an aggregation of various sectors demand requirement.  The 
Energy Networks Association (formerly the Electricity Association) produce a series of 
typical load curves which when combined with meteorological data are used to predict the 
electrical demand seen on the network on any given day. [12] 
 
To predict the domestic demand, 2 load curves are used, one for unrestricted tariff and one 
for Economy 7 tariff.  These were used to produce typical summer and winter domestic 
load profiles for the UK.  It was assumed that 8% of dwellings used Economy 7 heating 
and that the total number of dwellings was 24.1M [Lower Carbon Futures].  The domestic 
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Figure 6: Trends and predictions in system peak load 
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load profiles were then subtracted from the total UK load profiles to produce the non-
domestic curves.   
 
If the typical winter profile is considered 
(Figure 7), the significant rises in demand 
are concerned with people waking up, 
people starting work and people going 
home.  Between 15:00 and 18:00 demand in 
the domestic sector rises by almost 11GW, 
indicating that this sector is solely 
responsible for the gradient rise seen in the 
evening in the national profile.  Similarly, in 
the morning, the demand rise in the 
domestic sector is concurrent with that seen 
in the national profile and is in advance of 
the rise in demand seen in the non-domestic 
profile.   
 
The ability of the centralised generators and suppliers to further smooth the national 
demand is therefore at the behest of behavioural factors largely associated with the 
domestic sector. 
 
The evolution of the domestic demand 
profile is also of interest.  The summer 
profile at present does not resemble the 
winter partially due to the lack of thermal 
requirement and longer daylight hours 
(Figure 8).  However, the evolution of a 
possible cooling season as a response to 
market pressure and genuine comfort 
requirement may see the summer profile 
evolving such that a peak would be 
produced.   
 
Depending on the uptake of domestic air conditioning, the peak is likely to be both higher 
and wider than the winter peak as the electrical/non-electrical ratio for cooling is very 
high indeed.  The timing of the peak is difficult to predict and is likely to differ on a 
weekend compared to a weekday. 
 
Fuel Mix Used For  Generation 
Sifting the data to understand the origin of the peaks and gradients seen on the national 
electrical demand curve is important from a carbon perspective.  The carbon intensity of 
electrical energy is not time invariant largely as a result of (i) varying demand, (ii) 
thermodynamic constraints governing particular generation technologies and (iii) the 
economic paradigm that exists at a specific time, resulting in one fuel being favoured 
over another. The fuel mix used by centralised generation to match winter and summer 
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demand in 2002 is shown in Figure 9 [11].  The data is given on a 30 second time base 
for a period of 24 hours.  The days reported are the typical summer’s day (25th June) the 
typical winter’s day (3rd December) the maximum winter’s day (10th December) and the 
minimum summer’s day (4th August) for 2002.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nuclear and CCGT are principally used as base load plant.  Coal plant was used to satisfy 
demand above 20-22GW on all days.  Coal plant was also used to respond to periods of 
rapid demand requirement such as the morning and evening gradients.  However, peaking 
plant was a combination of coal, oil and pumped storage.  The proportion of this peaking 
plant ensured that the overall percentage of electricity generated using coal plant during 
peak periods did not change when compared to periods of stable demand.  The percentage 
of electricity generated using coal plant varied substantially on each of the days.  On the 
maximum winter day it was 40% compared to 36%, 33% and 16% for the typical winter, 
typical summer and minimum summer’s day respectively. 
 
However, long term assumptions cannot be made using these fuel mixes due to economic 
factors and uncertainty surrounding the nature of new installed capacity.  It is known, for 
instance, that coal was more profitable than gas for a portion of 2003.  This resulted in 
large coal plant being used more as base load plant and that some of the peak filling and 
gradient change response was met by CGGT.  Indeed that the load factor for the CCGT 
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plant fell to 59% (from over 70% historically) in 2003 is indicative of this economic 
situation.  This resulted in UK CO2 emissions rising during this period.   
 
Carbon Intensity of Fuel 
The carbon intensity of fuel is based on two sources of data – Revised 1996 IPCC 
Guidelines for National Greenhouse Gas Inventories [13] and DUKES [6].  The 
emissions factors for the fuels used in UK electricity generation taken from the IPPC 
guidelines are shown in the table 1. 
 

Fuel Emissions Factor  
(tC/TJ) 

Coal 26.4 
Oil 19.0 
Gas 15.3 

Table 1: Emission Factors for Fuel 
 
The thermal efficiencies (gross calorific method) for CCGT and coal fired plant taken 
from DUKES for the period 1997 to 2003 are shown in the table 2. 
 
 
 
 

Table 2: Annual Efficiencies of Coal and CCGT Plant 
 
Using the emissions factor for fuel and the efficiency of plant data it is therefore possible 
to produce an emissions factor in units of kgCO2/kWh of generated electricity (Table 3).   
 
 
 
 
 

Table 3: Carbon Intensity of Electricity generated by Coal and CCGT Plant 
 
From this an average can be taken for the period and it is this average that is used in the 
subsequent analysis.  The plant efficiency for oil fired plants is not quoted by DUKES 
and was assumed to be the same for coal fired plant.  The emissions factor for each fuel is 
Table 4. 

Fuel Emissions Factor  
(kgCO2/kWh generated) 

Gas 0.44 
Coal  0.96 
Oil 0.84 
  
Nuclear 0 
Other 0 
Outside Sources 0.48 
Pumped Storage Calculated for each day 

 

1996 1997 1998 1999 2000 2001 2002 2003
CCGT 45.3 45.2 46.6 46.6 46.6 46.7 47.2r 46.4 
Coal Fired 37.7 36.5 35.5 35.8 36.2 35.7 36.4r 36.0 

Efficiency of Plant (%)
Plant

 
1996 1997 1998 1999 2000 2001 2002 2003 

CCGT 0.446 0.447 0.433 0.433 0.433 0.432 0.428 0.435 
Coal Fired 0.924 0.955 0.982 0.973 0.963 0.976 0.957 0.968 

Plant 
Emissions Factor (kgCO2/kWh generated) 

Table 4: Emissions Factor for Electricity Generation by Fuel 
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The other fuels used to meet electrical demand in Figure 9 are shown in Table 4 in italics.  
Nuclear electricity was assumed to be carbon free.  Other was assumed to be RE 
generation and was also assumed to be carbon free.  Outside Sources was assumed to be a 
mixture of coal plant (from Longannet and Cockenzie) and French nuclear.  The carbon 
intensity of outside sources was assigned assuming a 50% contribution of each fuel.  
Pumped Storage was calculated for each day as the periods where the water was being 
pumped back up the hill were also given. 
  
If these carbon intensities and efficiencies are then transposed to the fuel mix data for the 
days shown in Figure 9, the variation in carbon intensity of network electricity can be 
estimated (Figure 10).  The principal difference in carbon intensity occurs during the 
night.  Demand during the night on the minimum summer’s day was only a little over 
22GW and as such, coal plant was contributing less than 7% of electrical demand during 
this period.  This compares with 16%, 27% and 36% for the typical summer, typical 
winter and maximum winter respectively.  Much of the difference in average carbon 
intensity attributable to these days can be traced to this variation in demand requirement 
during the night.  Other than with minimum summer demand, the proportion of coal 
being used to satisfy the overall demand does not vary to such a degree during the day.  
For instance, at noon, the proportion of coal in the fuel mix on the maximum winter’s day 
was 43% compared to 40% on the typical summer and typical winter’s day.  On the 
minimum summer’s day, the proportion of coal was 23% and consequently the carbon 
intensity of electricity generated was substantially lower. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The evening gradient rise, as already stated, is met by a combination of sources leaving 
the percentage of coal used during this period  unchanged (Figure 11).  That the carbon 
intensity of electricity is largely dependant on the percentage of coal in the fuel mix is 
more explicitly described in Figure 12.   
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CHAPTER 3: APPLIANCE DESIGN AND ELECTRICAL 
DEMAND 

The predicted growth in peak system demand is largely as a result of changes in the 
domestic sector.  These are principally, (i) increased numbers of dwellings (reduced 
number of people per household), (ii) rising comfort expectations (heating and lighting) 
(iii) rising convenience/speed expectation and (iv) increased complexity in home 
entertainment provision.  In considering the contribution of the domestic sector in 
meeting RCEP carbon reduction aspirations it is important also to understand the impact 
of these changes on national electrical demand. 
 
It is technologically feasible to engineer appliances to reduce their electrical load.  The 
predominance of 2kW and greater heating elements in the cooking and wet appliance 
sectors is driven largely by a requirement for operational speed as desired by the 
householder.  However, technological change aimed at reducing energy consumption 
may hold the key to producing appliances with reduced demand while maintaining (not 
reducing) current operational times.  
  
Electric cooking, home laundry and dishwashing activities are responsible for the 
majority of peak power demands in dwellings [14].  Each activity uses equipment that is 
characterised by peak demands of 2-3kW because they utilise high power electric heaters 
to provide rapid performance.  Coincidence of these activities can result in peak demands 
from a single dwelling in excess of 10kW.  Modulating dwelling demand at the level of 
the single dwelling must therefore concentrate on reducing peak demands and coincident 
peak daily demands of cooking and washing appliances in a manner that is commensurate 
with societal and behavioural mores. 
 
Conventionally electric hobs and grills are controlled via a regular duty cycle according 
to the settings of the respective controllers – the minimum setting corresponding to a 
cycle of approximately 30 seconds on/120seconds off and the maximum to continuous 
power input.  Ovens are characterised by a pre heat period (5-20 minutes) plus a further 
period where the power control is switched via a thermostatic control to maintain set air 
temperature.  Cycling of the oven during this period is of the order of several minutes 
(rather than seconds with hob elements).   If more than one heater is activated, the 
likelihood of co-incidence of demand is high causing a peak far in excess of the users 
actual heat flux requirements.  It is possible to cascade the on/off cycle of one activated 
heater relative to another to ensure that co-incidence of demand does not occur.  Peak 
demand reduction of the order 15-60% at the level of the single dwelling is possible by 
implementing this form of control. 
 
For washing machines, it is possible to de-rate heaters, there by increasing cycle times a 
little to considerably reduce peak demand.  This technique is applicable to cold and 
medium hot washes, but probably unacceptable on boil washes due to the excessive time 
penalties that would accrue.  Much of the time lost in de-rating the heater can be 
reclaimed by improved drum design leading to lower sud volumes and therefore reduced 
times for heating water.  Sud volumes of 8.5 litres are quoted for some ‘A’  rated washing 
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machines compared to an average of 17 litres.  The same principle applies to 
dishwashing.  In addition, the sequential nature of two hot cycles in a standard 
dishwasher cycle also presents the possibility of using a heat exchanger to pre-warm 
incoming water on the second of the cycles with water that has been used for the previous 
cycle.   
 
The use of discrete, well insulated water stores used to house very hot water (90ºC) are 
also of potential use in reducing peak loads from appliances used to heat water – washing 
machines, dishwashers and kettles.  It is possible that these could housed within 
appliances, the water being heated during periods when there is little demand in the 
dwelling. 
 
Incorporating load-management features within a central home automation system, which 
interacts with slave controllers in certain appliances, is a key route to smoothing a 
household’s electricity demand profile.  Undoubtedly, integrated control solutions remain 
expensive particularly as a retrofit option but they offer the highest degree of intelligence 
in controlling demand from a home.  Incorporation of appliance improvements as 
discussed above, and instigating time delays/interruptions appropriate to the appliance in 
question will allow demand profiles with higher load factors to be achieved.  The cascade 
method described for cooking for instance, offers considerable potential benefits in 
smoothing the demands of the various heating elements operating in several types of 
domestic appliance.  Simply charging the controller to switch of heaters for a short period 
of time (e.g. <60 seconds) in an alternating sequence around the home is one method of 
ensuring peak avoidance, although the applicability of this approach is constrained by 
consumer acceptability factors. 
 
It is important, in recognising the capability of these variations in control and technology, 
to also ascertain the likely impact of some of them on the aggregated demand from the 
UK domestic sector.   A simplified approach was taken to bridging this gap from the 
house to the network and results of the investigation are detailed below.  
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Figure 13: Load signature of TV  

Load Signatures of Individual Appliances 
The introductory chapter to this report and the Task 2 report indicate a range of 
technological interventions that could be made in appliance design that would reduce 
both appliance energy consumption and load.  The interventions indicated in this section 
are wholly concerned in reducing the load required during operation.   
 

1. Home Enter tainment (Figure 13) 
The CRT profile was for a SHARP 24”  TV purchased in 
2001. The impact of technological change on TV use is 
driven by perceived societal ‘need’  rather than by any 
energy efficient motive per se.  Technology has been able 
to deliver a flat screen which is deemed useful by the 
population.  The first technology to deliver this function 
was the plasma screen which results in an increased load, 
approximately 350W compared to 170W.  However, it is 
thought likely that plasma will ultimately give way to 
LCD, chiefly due to the added functionality possible i.e. 
LCD screens will able to accept duality of feed.   
 

2. L ighting (Figure 14) 
The profiles shown opposite are all synthetic 
and are based on a winter’s day and a 3-
bedroomed dwelling.  The lighting schedules 
are derived from the Best Practice Guide for 
Energy Efficient Lighting [16] and the CIBSE 
Guide to Lighting [17]. For CFL it assumes 
that they are only placed in the three areas of 
the dwelling where the longest duration of 
light is required.  This was the hall, the lounge 
and the upstairs landing.  With LED, all lights 
in the dwelling were changed.  For the 
synthetic profiling, three occupancy profiles 
were used to simulate ‘continuous occupancy’ , 
‘unoccupied during working hours and early 
to bed’  and ‘unoccupied during working hours 
and a late night’ . 
 

3. Refr igeration (Figure 15) 
The standard refrigeration profile came from a 
INDESIT CG 1227 UK 2 door Fridge Freezer.  
The profile was recorded on Sunday 6th 
September.  The impact of deployment of 
vacuum insulation panels in this fridge freezer 
is shown, assuming the same compressor.  It is 
therefore possible that the load can be reduced 
further by improved engineering design. 
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4. Washing Machine (Figure 16) 

The standard washing machine profile is for a 
hot fill “B”  rated INDESIT operated at a 40°C 
wash.  The actual model number is unknown.  
The ‘sud-volume’  was assumed to be 17 litres.  
The modifications are to de-rate the heater to 
0.9 kW and to then reduce the sud-volume of 
the washing machine to 10 litres (considered 
best practice in the SAVE Washing report [18] 
). The impact on the load of de-rating the 
heater is significant and the impact of 
reducing the sud volume allows a similar 
cycle time to be operated. 
 

5. Dishwasher (Figure 17) 
The standard dishwasher profile is for an 
‘A’  rated BOSCH SGS 6952 on the standard 
setting (programme 1).  The technological 
fixes describe de-rating the heater to 0.9 kW 
and using heat recovery to reclaim a 
proportion of the heat from the previous hot 
water cycle.   The cycle time is increased 
when compared to the standard.  It is 
feasible that the ‘sud-volume’  could be 
reduced but this was not considered as this 
was an ‘A’  rated machine. 
 

6. Tumble Dryer  (Figure 18) 
The standard profile was for an unknown 
weight of clothes in an unknown model of 
dryer.  It is assumed that the volume of 
clothes represents a standard load and that 
they were dry at the end of the operation as 
described by the signature.  The 
improvements are based on reducing the 
electrical load of the dryer (de-rating the 
heating source) while increasing the time of 
operation.  This is described in more detail 
in the Task 2 report. 
 
7. Kettle  

A kettle load signature (2kW element) was also used but this was not modified in any way 
as the kettle represents a difficult design problem from a load and energy perspective. 

Figure 17: Effect of technological change on the 
load signature of an ‘A’  rated dishwasher 
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Figure 18:  Effect of technological change on the load 
signature of a tumble dryer 
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Figure 16: Impact of technological change on the load 
signature of a ‘B’  rated washing machine on a 40º cycle 

� ; �

� ; �

� ; �

� ; �

� ; �

� ; �

� ; � � ;� � ;� � ;� � ;	 � ; �


 � � 
 � � 4 � � � %�

�



�
�

�
�

��
"

�
�

% � � � � � � � � � � � � � � � � � � %



40% House project: Background material P – Power and Demand 

 18 

 
8. Stand-by Loads 

Stand by loads for the appliances (Table 5) 
were assigned where applicable.  If the 
appliance had not been scheduled, the stand-
by load was applied.  The improved stand-by 
loads were applied in conjunction with the 
improved load signatures. 
 
 
 
 
Electr ical Load Profiles for  a Single Dwelling 
 
The measured electrical load profiles for the 
same dwelling for a period of one week taken 
on a 30 second time base are shown in Figure 
19.  The dwelling was a 3 bed roomed semi-
detached house in Central Scotland, built in 
2003.  Occupancy was 2 adults, one working 
and 2 wonderful children, one of school age.  
Variables such as occupant behaviour, 
lifestyle, income, household size, occupancy 
rate, dwelling type, dwelling condition, 
appliance number, technological status of 
appliances were therefore eliminated from 
this analysis.  The variation in demand over 
the period is significant as shown by the 
statistical analysis of the data below: 
 

a) the load during the night is consistent 
b) The time at which ‘night time load’  

ends (i.e. occupant wakes up) varies 
from 05:19 and 07:45 hrs 

c) The maximum load varies between 
4.01 and 6.95kW 

d) The daily load factor varies between 
5.5 and 11.2% 

e) The time of peak demand varied from 
06:59 to 21:19 hrs 

 
It is clear from analysing this one week that 
developing methodologies for assessing the 
impact of technological change on a single 
dwelling will be difficult and to then 
transpose this impact onto the national load 
curve more difficult still. 
 

Appliance
Stand-by 
Load (W)

Improved Stand-by 
Load (W)

tv decoder 11.2 11.2
hifi 3.9 1
vcr1 2.39 1
tv1 1.53 1
washing machine 5.8 5.8
cooker 5.6 5.6
dishwasher 4.8 4.8
other 21 15

Table 5: Existing and improved standby loads 
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Figure 19: Electrical Demand Profiles for a single 
dwelling for one week in September 
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Two such studies have been reported.  Michalik et al [19a, 19b] developed a structural 
model of energy demand at a local distribution centre level.  Households were split into 
four categories and appliances into three.  The scheduling of appliances was considered 
on a 15 minute time scale based on linguistic variables which characterised the 
probability of an appliance being used.  Fuzzy filters were used to convert these 
linguistic variables into numerical data that allowed a modelling study to be carried out.   
 
Shimoda et al [20] predicted end-use energy and power consumption at city scale (Osaka 
– population 2.6M).  This also used probability distribution data for 15 minute intervals 
related to the likelihood of a behavioural event occurring e.g. sleep, eating, washing.  
Each living activity is then linked to energy use in the dwelling.   
 
 
Synthetic Profiles 
The scale of work undertaken in these two studies is beyond the scope of the 40% house 
project.  To attempt to understand the possible impact of appliance technology on demand 
curves therefore requires a more prosaic approach.  The load signatures indicated were 
chosen to build a simple synthetic profiling model.  Cooking, space heating and water 
heating were excluded from this study as data was insufficient in characterising their 
impact on demand.   
 
The synthetic profile for a single dwelling is shown in Figures 20.  It is useful to compare 
the synthetic profile to that produced from an actual dwelling (Fig 21).  The synthetic 
profiles are constructed using only seven appliances and therefore cannot mimic the 
complexity of electrical demand seen in an individual dwelling.  However, the load curve 
would appear to be representative of an actual situation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fourteen such profiles were developed using the appliances as described.  Fourteen 
dwellings were chosen as this accurately captures the impact of diversity of demand on 
the aggregated demand curve.  This can be investigated using a daily load factor for each 
demand curve.  
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Load factors for individual dwellings are 
very low, typically in the 10-16% range.  
If this load factor was transferred to the 
national profile, it would have significant 
control ramifications for the Electricity 
Supply Industry.   However, diversity of 
demand ensures that this is not the case. 
 
Figure 22 shows the load factor arising from the electrical demand for a single dwelling 
compared to the daily load factor arising from the aggregated demand from 2 dwellings 
on the same day and so on.  The increase in load factor caused by diversity of demand has 
certainly levelled out when demand is aggregated from 14 dwellings. 
  
The aggregated profile for the 14 
dwellings still shows significant 
fluctuation (Figure 23). This makes it 
difficult to evaluate different aggregated 
profiles on the same axis.  The profile 
was therefore smoothed by expressing 
the data as a half hourly moving 
average.  
 
From the EA load profiles, the national 
unrestricted tariff load profile for a 
winter’s day was used to calibrate the 
synthetically generated profiles.  The 
aim was to produce a series of synthetic 
load profiles which when aggregated 
and smoothed, correlated highly with 
the EA unrestricted tariff profile.  To 
create the synthetic base profile, 
appliances were arbitrarily scheduled, 
using the standard load signatures 
within the 14 dwellings. The base 
profile was then scaled to reflect the 
total number of dwellings in the UK, 
thus producing a national domestic 
profile (Figure 24).  The correlation 
coefficient between the EA profile and 
the synthetic profile was 0.92.   
 
The difference in demand between the two profiles reflects the absence of cooking, space 
heating and water heating in the synthetic profiling. Identifying the veracity of the 
assumptions made in producing the synthetic domestic load profile is difficult.  Few 
recent studies are available to be used as comparators. An investigation undertaken by the 
Electricity Association in 1991 monitored electricity consumption by end use of 100 
households [DEERING].  The households chosen spanned the 1MWh to 9MWh annual 
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Figure 22:  Evolution in daily load factor with 
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consumption range. This data, combined with data of the time regarding trends in 
appliance use and patterns of ownership, was used to estimate the contribution of a range 
of appliances to evening peak demand on a typical winter’s day.  A peak demand of 
16.6GW was recorded.  This data can then be compared to the domestic load profile 
synthetically generated and shown in Figure 24.  The proportion of the various appliances 
for both studies is shown in Table 6.    The contribution of TV, lights and refrigeration 
are all higher in the synthetic example as compared to the Deering work.  A case could 
certainly be made for TV and lights with respect to increased complexity of home 
entertainment and increased comfort levels.  For refrigeration, the contribution to peak 
load could have expected to have been reduced over the period due to market 
transformation.   The reduced contribution of space heating, water heating and cooking in 
the synthetic profiles is within acceptable limits as the profile chosen was unrestricted 
tariff.  It is highly likely therefore that a more significant proportion of the three activities 
would be provided using gas rather than electricity as a fuel compared to the Deering 
data. 
 
END USE 1991 – Deer ing 

(GW) 
% of 1991 

Peak demand 
Synthetic Profile 

(GW) 
% of EA 

peak demand 
TV 1.8 11 4 17 
Lights 3.2 20 6.4 27 
Refrigeration 1.0 5 2.1 9 
     
Miscellaneous 2.6 17 3.5 15 
     

    
2.2 13   
2.6 13   

Other 
(Deering) 

Water heating 
Space Heating 

Cooking 
3.2 21   

Total other 8.0 47   
     
EA profile 
minus synthetic 
profile 

  7.4 32 

total 16.6  23.4  
 
 
 
 

 
Impact of Modifying Appliance Load Signatures 
The impact of changes in load signatures on the national load profile was investigated.  
All scenario’s investigated included an increase in TV ownership from 1.7 (assumed 
current i.e. base case) to 2.5 with a simple proportional increase in energy use as a result 
(i.e. viewing trends for an individual TV were assumed to not change).  The number of 
households in all scenarios’  increases from 24.1M (assumed base case) to 28M.   

Table 6:  Contribution of appliances to peak demand from the domestic sector 
on a typical winter’s day 
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The load signatures were grouped to give three variables and a number of scenarios were 
constructed (Table 7).  “ Other appliance technology”  refers to the non-lighting and non-
TV appliances used to construct the synthetic load profiles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The impact of each scenario on the national load profile was then computed using the 
method described above (Table 8).   
 
 
 
 
 
 
 
 
 
 
 
 
 
The impact of increasing household numbers, increasing TV ownership and maintaining 
the current levels of technology in all appliances would be to increase the maximum load 
seen on the typical winter day.  This increase can partially be recouped by engineering 
load conscious wet and cold appliances in the home.  It is totally recouped by the 
introduction of LED lighting at a penetration level of 50%.   The impact of home 
entertainment technology however is potentially ruinous.  If plasma wins the 
technological battle to usurp existing CRT technology, the maximum load seen on the 
network is likely to increase despite load conscious advances in other sectors.   
   
The national load curves for scenario’s 1, 6 and 8 (Figure 25) indicate the reduced peak 
load shown in table 8. 

scenario
Home Entertainment 

Technology
Lighting Technology

Other Appliance 
Technology

1 100% CRT 100% incan Current
2 100% CRT 100% incan Load Concious
3 100% CRT 50% Incan,  50% LED Load Concious
4 100% CRT 100% LED Load Concious
5 50% Plasma, 50% CRT 100% LED Load Concious
6 100% Plasma 100% LED Load Concious
7 50% LCD, 50% CRT 100% LED Load Concious
8 100% LCD 100% LED Load Concious
9 50% LCD, 50% Plasma 100% LED Load Concious

Table 7: Synthetic load profiling scenarios 

Table 8: Impact of scenarios on peak load seen on a typical winter’s day 

scenario
Home Entertainment 

Technology
Lighting Technology

Other Appliance 
Technology

Change in Maximum 
Load (GW)

1 100% CRT 100% incan Current 2.7
2 100% CRT 100% incan Load Concious 1.4
3 100% CRT 50% Incan,  50% LED Load Concious -1.8
4 100% CRT 100% LED Load Concious -4.5
5 50% Plasma, 50% CRT 100% LED Load Concious -2.9
6 100% Plasma 100% LED Load Concious 1.2
7 50% LCD, 50% CRT 100% LED Load Concious -5.5
8 100% LCD 100% LED Load Concious -6.5
9 50% LCD, 50% Plasma 100% LED Load Concious -5.2
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Scenario 1 shows the impact of rising household levels and TV ownership per household.  
All other appliance technology is checked at current levels.  The peak load rises in both 
the morning and the evening.  In scenario 6, appliance technology has been improved.  
The introduction of LED lighting and low energy refrigeration equipment is particularly 
important in reducing the morning peak.  However, Plasma TV ownership at these levels 
would have an impact on the evening peak when TV usage is concentrated.  Scenario 8 
shows the impact of low energy appliances and LCD TV ownership.  The national load 
curve is beginning to resemble the smoothness of the non-domestic sector load curve as 
large demands from the domestic sector are engineered out.  The morning gradient rise 
and evening peak have almost disappeared.  
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CHAPTER 4: IMPACT OF M ICRO-CHP ON ELECTRICAL 
DEMAND 

Nomenclature 
e Electricity requirement of the stated dwelling or groups of dwellings, kWh 
Egen Electrical power generated by stated � CHP system that is used by the 

dwelling, kW 
Eexp Electrical power exported to the network by a dwelling or group of 

dwellings employing the stated � CHP  system, kW 
Eimp Electrical power imported from the network by a dwelling or group of 

dwellings employing the stated � CHP  system, kW 
egen Electrical energy generated by the stated  � CHP  system that is used by the 

dwelling, kWh 
eimp Electrical energy imported from the network by a dwelling or group of 

dwellings employing the stated � CHP  system, kWh 
eexp Electrical energy exported to the network by a dwelling or group of dwellings employing 

the stated � CHP  system, kWh 
Pe Electrical demand of the stated dwelling or group of dwellings, kW 
Pq Heat demand of the stated dwelling or group of dwellings, kW 
Poe Electrical power rating of the � CHP  prime mover, kW 
Pot Recovered thermal power rating of the � CHP  prime mover, kW 
q Heat requirement of the stated dwelling or group of dwellings, kWh 
Qimp Heat import from the auxiliary boiler by a dwelling with the stated � CHP  

system, kW 
Qs Heat output generated by the stated � CHP  system that is deemed surplus to 

the dwelling’s requirements, kW 
Qused Heat output generated by the stated � CHP  system that is usefully employed 

by the dwelling, kW 
Qst-in Heat output generated by the stated � CHP  system that is stored, kW 
Qst-out Heat import from the thermal store by a dwelling with the stated mCHP 

system, kW 
qimp Heat requirement from the auxiliary boiler by a dwelling with the stated � CHP  system, 

kWh 
qs Heat generated by the stated � CHP  system that is deemed surplus to the 

dwelling’s requirements, kWh 
qused Heat generated by the stated � CHP  system that is usefully employed by the dwelling, kWh 

Tmax Maximum temperature setting of thermal store, °C 

Tmin Minimum temperature setting of thermal store, °C 
Tstore Temperature of thermal store, °C 
zb Efficiency of the central heating boiler (i.e. thermal output divided by fuel input), % 

ze Micro-CHP prime mover efficiency (i.e. electrical output divided by fuel 
input), % 

zhr Micro-CHP heat recovery efficiency (i.e. the proportion of the otherwise 
wasted heat that is usefully recovered), % 
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1.  Introduction 
Four distinct prime mover technologies are under development for application as � CHP 
systems: - solid oxide fuel cells [21], proton exchange membrane fuel cells [22], internal 
combustion engines [23] and Stirling engines [24, 25].  Of these, systems based on 
Stirling engines are graduating beyond the demonstration phase and being marketed as 
drop-in replacements for conventional domestic central-heating boilers.  The potential 
market for this approach is considerable (e.g. there are an estimated 1.5 million sales of 
domestic boilers in the UK annually and the total number of boilers fitted in the domestic 
sector is approximately 17 million [26]).  A recent study estimated that the market 
potential for � CHP based on Stirling engine technology was 10 million units [27]. 
Assuming an average unit size of 1kW, this represents 10GW or approximately 16% of 
2002 peak UK winter demand [6].  However, it is uncertain which types and sizes of 
prime mover, and which configurations and operating modes of � CHP system, will 
penetrate the market most in the long term.  
 
The rationale for deploying � CHP systems at the single dwelling level appears to be 
based on two factors. Firstly, they will be economically attractive to the consumer.  
Although of greater capital cost than a conventional domestic boiler (which produces heat 
alone), a mCHP system produces the opportunity to recover expenditure from the avoided 
cost of purchasing network electricity and the export value of any surplus electricity 
generation. Secondly, � CHP systems will satisfy the heat and power demands in a more 
energy-efficient manner than by conventional arrangements and consequently reduce 
national primary energy use and carbon emissions. However, there is also a third, often 
neglected, factor that may effect the deployment of these systems, which is that � CHP  
systems have the potential to alter the load profile placed on the electricity network by the 
domestic sector. The effect of implementing millions of � CHP systems in the UK may be 
to assist or exacerbate the load profiles met by conventional electricity generation.  
 
A number of potential � CHP system configurations have been studied previously and 
energy-cost savings predicted from applying these to representative electrical and thermal 
demand profiles for one dwelling [28,29]. From these, it appears difficult to define � CHP 
system configurations that will meet substantial proportions of both the annual heat and 
electricity demand without incurring electricity export to the network. Preliminary 
analyses of the bi-directional electricity flows resulting from the utilisation of a � CHP 
unit have indicated that the load profile may change significantly and that both the 
exports and imports of electricity may amount to substantial proportions of the 
household’s demand.  
 
This investigation evaluates the demand matching characteristics of a given specification 
� CHP system across two days, on in the summer and one in the winter, and considers the 
impact of control options on the electrical load-reduction performance of the considered 
system.  The combined effect of several dwellings is then considered and the effects 
scaled up to provide indicative results at a national scale. 
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2. Micro-CHP System Simulation 
2.1 Pr ime Mover Technology and Heat Recovery Efficiency 
 
Two prime mover technologies were considered for this investigation: Stirling engines 
and fuel cells. These represent a market ready and a potential future scenario for � CHP 
deployment. Micro-CHP units are characterised by prime mover size (Poe), electrical 
efficiency (ze) and the heat recovery efficiency (zhr).   
 
Systems based on Stirling engine technology are under development in commercial sizes 
ranging from 0.2<Poe< 3.5kW.  Two products that are targeted at individual dwellings in 
the UK market have Poe of 1.1kW and 1.2kW.  The consensus would appear to be that a 
prime mover size of approximately 1kWe is optimally sized for an individual UK 
dwelling.  Heat recovery systems tend to achieve high efficiencies and with ze in the 
region of 12-16%, the thermal output is substantial (e.g. Pot lies in the range 4.7-6.6 kW, 
at zhr of 90%).   
 
More than 100 organisations are researching or developing PEM fuel cell technology in 
sizes ranging from a few watts to 250kW both for mobile and stationary applications.  
The final size of mCHP systems based on PEM fuel cell technology is relatively flexible 
due to the modular nature of the technology and its high electrical efficiency.  At present, 
electrical efficiencies are in the range 35-55%.  
 
Against this technological backdrop, two synthetic, generic � CHP prime movers were 
created for modelling purposes (see Table 9).  The supply/ demand matching performance 
of these prime movers was then investigated. 
 

Technology Poe 

(kW) 
zzzze 
(%) 

zzzzhr 
(%) 

Pot 

(kW) 
Stirling engine 1 15 90 5.1 
Fuel Cell 1 50 90 0.9 

Table 9: Operating Parameters of � CHP Systems Modelled 
 
2.2 Energy Demand of a Single Dwelling 
Heat and power demand for a single dwelling show considerable minute by minute 
fluctuations.  The nature of this variation depends on a large number of variables, none of 
which are known for the data used.  The data used was extracted from an existing 
database of demand data which was recorded in 1995 on a 1 minute time base.  The 
dwellings were all in the Midlands of England and were detached.    The days chosen for 
the study were selected to represent a day in the heating season (Figure 26), and a 
summer’s day (Figure 27).  
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The winter day, January 25th, had the 
highest heat requirement of the year, 
(Q = 151.1kWh, e = 17.8 kWh).  The 
ratio of Q/e (daily heat-to-power 
ratio) was 8.5.  The heating demand 
occurred from morning until night 
and the coincidence between the heat 
and power demand was high - 87% of 
the electrical demand occurring 
coincidentally with the heat demand.  
 
 
 
The summer day, August 21st, had a 
low heat demand (Q = 10 kWh, e = 
17.9kWh). The daily heat-to-power 
ratio was 0.6.  The coincidence of 
demand is much lower than seen on 
the other days, with 32% of the 
electrical demand occurring at the 
same time as the heat demand.  
 
2.3 System Design 
The system design under investigation (Figure 28) comprised a µCHP unit, an auxiliary 
boiler and a thermal store.  The operational control logic is described below. 
 
When activated, the � CHP system supplies heat and power to the dwelling. The heat 
delivered by the � CHP  system that is usefully employed, Qused, can serve to meet the space 
heating demand, hot water demand, or can be stored. If Pq > Pot, the difference is directed 
to a thermal store.  The thermal store is a hot-water tank of nominally 150 litres capacity, 
which operates between set point temperatures of 55°C and 80°C and incurs standing 
losses commensurate with a modern insulated hot water tank housed in a cold attic space. 
If the temperature of the thermal store is at or above the maximum set point, it cannot 
receive energy and so surplus heat is produced.  If Pq<Pot, the remaining heat demand is 
met by the thermal store except when the thermal store is below its minimum set point.  In 
this situation, an auxiliary heat supply must be provided and it is assumed that the required 
shortfall, Qimp, is produced by an auxiliary gas fired boiler.  The auxiliary boiler is also 
assumed to be of sufficient size to provide any Qimp necessary and at a conversion 
efficiency that is equivalent to the heat-recovery efficiency of the � CHP system, zhr, 

regardless of the heat load.  
 
When the power generated by the � CHP, Poe, is less than that required (i.e. Pe>Poe) the 
difference, Eimp, is imported from the electricity network. Conversely when Pe<Poe, it is 
assumed that the difference, Eexp, is exported to the network. 
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Figure 27: Power and Heat Demand for a Single Dwelling 
 on 21st August 
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2.5 Control Logic 
 
Three control methods were used to investigate the potential impact of mCHP on the 
national load profile. 
 

1. Heat Led, Restricted Thermal Surplus.  
The µCHP system is activated by a heat demand in the dwelling  (i.e. by the ‘on’  times 
specified by the user in relation to his/her requirements for space/hot-water heating as 
apparent in the time-varying gas consumption data recorded for the dwelling’s existing 
boiler).  The system operates in constant-output mode at its rated power output but only if 
Pq>Pot or if Pq< Pot and Tstore< Tmax. This ensures that the thermal output of the µCHP 
system better matches the transient heat demand without the production of thermal 
surplus. 
  
The lifetime of a µCHP system based on engine or fuel cell technology is, to some extent, 
predicated by the number of switching events [32]. For example, with Stirling engines, 
there is a requirement to prevent frequent switching of the prime mover.  One associated 
control method has been reported for the Whispergen Model PPS24-ACLG, a Stirling 
engine µCHP prime mover that is commercially available in the UK [24]. Once the heat 
demand of the dwelling has been met this unit continues to operate at low power for 30 
minutes in anticipation of further heat requirement; if no further heat demand occurs 
during this period then it is deactivated.  In this investigation of generic mCHP systems, a 
minimum run time of 30 minutes at rated power was imposed as a base case.  This 
control restriction was applied the heat led, restricted thermal surplus control option for 
both prime movers. 
 
 

2. Pure Time Led Operation 
The mCHP system was operated for a fixed time period that was known to coincide with 
peak demand on the network.  The mCHP system operated at full rated power during 
these periods regardless of thermal or electrical output.  The timing varied dependant on 
the day investigated as shown in Table 9. 
 
Day On (morning) Off (Morning) On (Evening) Off (Evening) 
21st August 07:00 08:00 17:00 19:00 
25th January 06:00 09:30 16:30 23:00 

Table 9: On/Off time for Time Led Control Option 
 

3. Electrical Led Operation 
The system is activated by the presence of an electrical demand.  A trigger point is used 
to activate the system.  A demand above the trigger point in the minute preceding results 
in activation of the system. The trigger point was set to 1kW.  Therefore a demand >1kW 
occuring in (t-1) activated the mCHP system at time t.  There was no minimum run time 
specified with this control method. Heat not required by the dwelling could be diverted to 
the thermal store as permitted by the operational parameters in the thermal store.  The 
number of stop/strat events per day using this control method is likely to be prohibitive. 
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2.6 Accounting of CO2 Emissions 
 
The CO2 emssions arising from the deployment of mCHP were compared to a non-CHP 
reference case.  This was taken to be electricity provided from the network at 0.43 
kgCO2/kWh and space and water heating supplied by a condensing gas boiler with an 
efficiency of 90%.  As a result, the ineffiencies associated with delivery of thermal 
demand via mCHP and via the condensing boiler were both the same and could be 
discounted.  The eexp from mCHP was assumed used elsewhere witrh negligable losses as 
a result of its distribution.  The CO2 saving attributable to eexp was taken to be the 
difference between the unit of network electricity displaced and the CO2 emissions 
associated with its production.  The complete CO2 balance used to account for CO2 
savings/increases is given below. 
 

CO2 Saving – [(e*0.43)+(q*0.18)] – [({egen+qused+qs+qimp}*0.18) + (eimp*0.43) – (eexp *  {0.43-0.18})] 
 
 
2.7 General Assumpions 
 
It is assumed that the � CHP system produces electricity at peak load immediately at time 
of activation.  The falsehood of this assumption is readily accepted.  However, the 
absence of published data regarding the actuality of the situation would make 
assumptions regarding some ‘ ramp up’  period equally as invalid.  This approach at least 
has the benefit of simple transparency. 
 
The heat recovery efficiency is assumed to be 90% throughout the year regardless of the 
temperature difference between incoming and outgoing water streams.  The 1 minute data 
base details gas burn only and does not identify whether its use is for space heating or 
water heating.  It is therefore difficult to ascertain the extent of the error inherent in 
assuming a constant heat recovery efficiency.   
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3. Electr icity Supply-Demand Matching – Single Dwelling 
3.1 August 21st 
The impact of reduced electrical efficiency 
and therefore increased thermal output is 
demonstrated by the impact on Eimp of 
mCHP deployment on August 21st (Fig 29). 
With the Stirling engine the run time is 
restricted during the period 8:00 to 10:00 
hours during which time there is a small 
thermal demand in the dwelling.  The fuel 
cell system is operational for much of this 
period causing Eimp to drop to zero.  
Similar periods exist between 14:00 and 
16:00 hours and again between 20:00 and 
21:30 hours. The Stirling engine mCHP 
system was operational for 11% of the day 
and the fuel cell system was operational for 
32% of the day.  A thermal demand was 
present in the dwelling on this day for 32% 
of the time.  The Stirling engine was 
therefore only able to respond to 
approximately one third of this demand as 
a result of its relatively high thermal 
output.  Neither prime mover reduces the 
peak load as it does not coincide with a 
period of thermal demand. 
 
The time led and electrical led operation 
did not distinguish between the two prime 
movers in terms of electrical performance.  
The time led operation shows reduction of 
electrical demand during the on periods as 
described in Table 9.  Dependent on Pe 
during these periods, Eimp, is reduced to 
zero.  The peak load is reduced by this 
control method as it coincided with an on-
time.  With electrical led control and a 
trigger point of 1kW, no periods of zero 
Eimp occur and no Eexp is produced.  The 
peak loads are always shaved.  The 
operational time was 12% and 15% for the 
time led and electrical led control options 
respectively. 
 
The need to maximise egen and restrict qs 
in order to maximise CO2 savings in the 
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Figure 29: Impact of mCHP – Single dwelling – August 21st 
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Figure 31: Impact of mCHP deployment on the electrical 
requirement of a single dwelling o9n January 25yth 

dwelling is paramount (Figure 30).  The 
fuel cell prime mover, with low thermal 
output is able to operate under all control 
regimes to produce CO2 savings in the 
dwelling.  The most carbon efficient 
control option is electric led as all 
electricity generated by the mCHP system 
is used within the dwelling.  This is 
despite an operational time of 
approximately half that of the heat led, 
restricted thermal surplus mode.   
 
The Stirling engine prime mover produced more emissions than the conventional 
arrangement with all control regimes other than heat led restricted thermal surplus. 
  
 3.2 January 25th  
The thermal requirement of the dwelling on 
January 25th allows the thermal output of both 
prime movers to be consumed without 
restriction on operation as a result of thermal 
surplus production.  Consequently, the 
performance of each prime mover is identical 
under each control option (Fig 31).  The heat 
led option results in long periods when Eimp 
falls to zero.  Peak load is reduced.  The 
operational time of the system is 69%, 
precisely the amount time for which there is a 
thermal demand in the dwelling.  The 
operational time of the time led option drops to 
49% and for the electrical option to 17%. 
 
The carbon saving potential of mCHP systems 
on days where there are substantial amounts of 
thermal surplus is overwhelmingly dependant 
on the operational run time (Fig 32).  The 
amount of carbon saved by operating under 
heat led control is significantly higher than for 
the other two control methods. 
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Figure 30:  Carbon Impact of mCHP Deployment 
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4.1 August 21st 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The impact of reduced electrical efficiency is again felt on the summer’s day when 
thermal demand in the dwellings is low – 186kWh aggregate thermal demand in the 13 
dwellings. 
 
The performance of the Stirling engine prime mover mirror’s that of the fuel cell during 
the first 90 minutes of operation (Fig 33).  After this time, the Stirling engine systems 
operation is severely restricted by its increased thermal output.   Peak demand from the 
13 dwellings is not reduced and the large valley created in the morning causes the load 
factor of Eimp to fall to 37% (from 45% for Pe). Peak demand is reduced by the fuel cell 
system operating under heat led control and Eimp is lower than Pe for most of the 24 hour 
period.  The load factor falls to 30% as a result of substantial gradients being introduced. 
The 50% efficient prime mover reduced the peak load from 22GW to 17GW and the load 
factor from 62 to 59%.  The 50% efficient prime mover produced thermal surplus that 
represented 1% of thermal demand wheras the 15% efficient prime mover produced 
thermal surplus that represented 54% of thermal demand.  This additional thermal output 
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4. Electr icity Supply-Demand Matching – 13 Dwellings 
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is problematic due to the season it is produced.  It is highly unlikely that it would be taken 
by the occupants as additional thermal comfort.  Indeed, it is likely to exacerbate the 
percieved need for cooling in the domestic sector. 
 
The time-led operation results in three distinct periods of Eimp.  The daily load factor is 
reduced to 39%.  The size of the thermal output is problematic on this day with this 
control method.  The 50% efficient prime mover produced no thermal surplus whereas 
the 15% efficient prime mover produced thermal surplus that represented 52% of 
demand.   
 
 
With electric led control, no export is produced, Pe being reduced only when it increased 
in each dwelling above 1kW.  The load factor still falls to 40%. The 15% prime mover 
produced thermal surplus that represented 118% of demand i.e. had more than double the 
thermal output required for this day when controlled by this method.  By contrast, the 
50% efficient prime mover produced thermal surplus that represented 1.5% of demand. 
 
Operation of Stirling engine mCHP system 
on this day, under all control options 
results in an increase in carbon emissions 
compared to conventional delivery of 
energy (Fig 34).  The heat-led option is 
most carbon optimal for the fuel cell 
system.  For the fuel cell system, it is 
interesting that the most carbon optimal 
control option for the 13 dwellings is heat 
led whereas for the single dwelling it was 
electric led. 
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4.2 January 25th 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The high thermal demand of the 13 dwellings on the 25th January results in no operational 
restrictions of the Stirling engine mCHP system as a result of thermal surplus being 
produced.  Figure 35, therefore reflects the impact of control option on the performance 
of both mCHP systems on this day.   
 
Under heat led control, Eimp is reduced at all times of the day.  For a significant 
proportion of the day (32%), Eimp is zero.  The daily load factor of Eimp was 17% 
compared to 41% for Pe.  The 50% efficient prime mover produced no thermal surplus 
being controlled in this manner wheras the 15% efficient prime mover produced thermal 
surplus that represented 0.8% of thermal demand, due to the imposition of the 30 minute 
minimum run time. 
 
Under time led control, Eimp was reduced to zero for 14% of the day and the daily load 
factor fell to 34%. The 50% efficient prime mover produced no thermal surplus being 
controlled in this manner wheras the 15% efficient prime mover produced thermal 
surplus that represented 1.2% of thermal demand. 
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a) Heat Led, restricted thermal surplus 
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Figure 35: Impact of mCHP on 13 dwellings – January 25th 
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Under electric led control, Eimp was required throughout the day and the impact on the 
load factor was positive, it increasing to 45%.  Under this control regime, the mCHP 
systems are generating electricity with peak plant characteristics in comparison to the 
other control methods where the electricity generated has base load characteristics. The 
50% efficient prime mover produced no thermal surplus being controlled in this manner 
wheras the 15% efficient prime mover produced thermal surplus that represented 1% of 
thermal demand. 
 
 
The CO2 emissions saving performance 
of both systems was almost identical 
due to only small amounts of thermal 
surplus being produced by the Stirling 
engine mCHP system.  Heat led is the 
most carbon optimal control option for 
the 13 dwellings (Fig 36) 
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Figure 36: Impact of mCHP deployment on carbon 
savings on the 25th January from 13 dwellings 
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5. CHP – Scaling up to National Demand 
Scaling up from a small number of dwellings to the national demand is a non-trivial 
exercise and the results indicated here should be viewed with this in mind.  This is a 
highly indicative study.  Totality of assumptions should accompany the quantative 
reporting of this section.  
 
The EA data uses two profiles to describe the UK domestic sector, (i) unrestricted tariff 
and (ii) Economy 7 tariff.  It was assumed that the unrestricted tariff represented 92% of 
dwellings and that the Economy 7 tariff,  8% of dwellings.  To assess the impact of 
micro-CHP on the national domestic demand curve it was necessary to make a sub set of 
dwellings into which micro-chp could be deployed.  This subset of dwellings was 
constructed from the datset used in the modelling exercise described in sections 1 and 2.  
An average demand from the dataset was calculated at half hourly intervals.  In this 
manner the data now resembles the EA data.  The national profile was constructed by 
assuming that the CHP subset was effectively subtracted from EA unrestricted tariff 
dwellings.  The size of the subset was taken to be 10M dwellings as this was the 
maximum potential market size indicted in market surveys referenced earlier. 
 
The equation to calculate the national domestic profile then became: 
 
[(0.92 *  24.1)-10) *  (Unrestricted tariff demand)] + [(0.08*24.1) *  Economy 7 demand] + 
[10*Subset Demand] 
  
The impact of mCHP on the national domestic profile was evaluated by either deploying 
it in all 10M dwellings of the sub-set or not using the three control options already 
discussed.  A key factor in determining the impact of mCHP is the daily load factor which 
is a measure of the varaibility of a load profile.  This is calculated by dividing the average 
demand by the peak demand and expressing at is a percentage.  The load factors quoted 
in sections 1 and 2 of the results for mCHP supply demand matching were calculated 
using data monitored on a 1 minute time basis.  The subsequent load fcators are all 
calculated on data using a 30 minute time basis.  It is important to understand the effect 
of this on the same set of data.  If we consider the aggregated demand from the 13 
dwellings used in section 2 of the results above (Fig 37). 
 
 The 1 minute time base data was 
smoothed by producing a moving 
average based on 30 minutes.  This 
smoothed load was then plotted on 
a 30 minute time base.  The impact 
of this on daily load factor is to 
increase it from 41% for the 1 
minute profile to 53% for the 30 
minute profile.  The daily load 
factor for the EA unrestricted tariff 
profile is 53%. 
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Figure 37:  Impact of smoothing demand profiles on 
the daily load factor 
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Figure 40: Electric Led – Impact of µCHP deployment on 
national domestic demand on 25th January 

5.1  Impact of Micro-CHP on 25th January  
 
Heat Led Restricted Thermal Surplus 
The heat demand on the 25th January was 
extreme with many of the dwellings 
requiring a heat demand for 17-24 hours 
of the day.  As a result, a reduction in 
electrical demand is seen throught the day 
and night (Figure 38).  The impact at time 
of peak demand or steep gradient change 
is also significant.  The peak demand 
seen from the domestic sector on this day 
is reduced from 28GW to 18GW.  
However, the load factor is reduced from 
58% to 55%.  This reflects the fact that 
the  electrical output is controlled by the 
presence of a heat demand resulting in the 
average demand being reduced by a 
greater amount than the peak demand.  
 
Time Led 
The effect of time led operation on the 
national domestic profile is shown in 
Figure 39.  Activation of mCHP is now 
coincident with periods of rapidly 
changine national demand.  The absence 
of operation outside these periods causes 
the load factor to increase substantially 
from 58 to 72%.  Peak demand is reduced 
from 28 to 18GW. 
 
Electric Led  
The impact on the national domestic 
demand curve is seen throughout the day 
but is predominantly during periods of 
peak demand when there is a greater 
probability that the system will be 
operating (Fig 40).  This bias towards 
operating at peak demand and not at other 
times results in a modest improvement in 
the load factor from 58 to 60%.  The peak 
demand is less significantly affected than 
with the other control methods falling 
from 28 to 23GW. 
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Figure 38: Heat led with restricted thermal surplus – Impact of 
µCHP deployment on national domestic demand on 25th 
January 
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Figure 39: Time Led – Impact of µCHP deployment on 
national domestic demand on 25th January 
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Figure 41: Heat Led with Restricted thermal surplus– Impact of 
µCHP deployment on national domestic demand on 21st August 
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5.2  Impact of Micro-CHP on 21st August 
 
Heat Led Restricted Thermal Surplus 
The thermal demand on the 21st August 
falls to 9% of that seen on the 25th 
January. This has a significant impact on 
the operating time seen when the heat led 
control logic is employed.  It is also now 
necessary to view the profiles generated 
from the two prime movers seperately 
(Fig 41).  The lower efficiency prime 
mover has reduced operation time on this 
day as a result of its increased thermal 
output.   The 15% efficient prime mover 
reduces peak demand from 22GW to 
21GW and also reduces the load factor 
from 62% to 57%.   
 
Time Led 
The deployment of the 1kW � CHP 
systems results in a valley being 
produced on the domestic demand curve 
coincident with periods of operation (Fig 
42).  The peak demand of the dwelling 
falls from 22GW to 20GW and the load 
factor remains unchanged, the valleys 
effectively replacing the peaks.   
 
Electrical Led 
The impact on the load profile of electric 
led operation was to shave the peaks (Fig 
43).  This caused a slight load factor 
improvement from 62% to 64% and a 
reduction in peak demand from 22GW to 
18GW.  That this control method could 
only be contemplated by systems of high 
electrical efficieny is illustrated by the 
thermal output figures for the systems.   
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Figure 42: Time Led– Impact of µCHP deployment on national 
domestic demand on 21st August 
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Figure 43: Electric Led– Impact of µCHP deployment on 
national domestic demand on 21st August 
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6 Conclusions 
Micro-CHP systems that are market ready are of low electrical efficiency and, 
consequently high thermal output.  Simply as a result of this, and before exploring any 
engineering practicalities, the control options afforded by these systems are constrained 
due to the CO2 imperative of not producing substantial amounts of thermal surplus. 
 
Deployment of these mCHP systems based on Stirling engine prime movers  will result in 
CO2 emissions savings at the level of the individual household despite the need to control 
thermal surplus production.  At both the local distribution transformer level and at a 
national level, the consequence of mass deployment of mCHP will be to reduce base load 
more than peak load during the heating season i.e. electricity generated fom mCHP 
systems with low electrical efficiencies has base load chracteristics.  These systems will 
be extremely seasonal in performance with high thermal output resulting in long periods 
of inactivity outside of the heating season and a consequent reduction in the impact on 
network demand.  This impact is still, nevertheless, likely to increase rather than reduce 
variability in demand. 
 
The deployment of mCHP systems of higher electrical efficiency removes many of these 
operational issues.  As electrical efficiency increases, so the number of control options 
grows and the possibility of generating electricity with peaking chracteristics arises.  
These control options open up the debate surrounding optimal operation with regard to 
UK CO2 emissions as opposed to reduction in emissions at the level of the single 
dwelling.    
 
Carbon optimal control options will be different from house to house and will be different 
from day to day within one house.  There is perhaps a need to regard the deployment of 
many mCHP systems as a macro event and not as a series of discrete events. 
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CHAPTER 5: IMPACT OF SOLAR – PV ON ELECTRICAL 
DEMAND 

 
Solar-PV was modelled by consodering in the first instance the nature of the average UK 
dwelling.  This is described in more detail in the Task 2 report.  The ouput of the 
assumptions made is that an average UK Dwelling has a roof area of 70m2, of which 17.5 
m2 (25%) would be avilable for solar-PV. 
 
Electrical demand data for 13 dwellings was used to chracterise the impact of Solar-PV 
system on demand.  These 13 dwellings were the same as those used for the mCHP 
modelling exercise. 
 
Identifying the transient output from PV sized to comply with the average house 
condition was more problematic.  Little data is avalable which describes the output of PV 
in terms of kW.  However, an installation in Dartmouth [33] did display a 24 hour load 
curve for a PV unit on the 3rd December.  This was then scaled to comply with the 
average house.  This was used as the standard profile for a sunny winter’s day. Similarly, 
the output from the Dartmouth PV display was used to construct a potential output for an 
average UK dwelling for a typical summer’s day. 
 
The impact of these electrical outputs on the resultant 
electrical demand of the dwelling was then investigated 
(Figures 44 & 45).  
The duration of output on the winter’s day is naturally 
much shorter.  Electrical demand from the dwelling 
disappears around noon.  The peak demand from the 
single dwelling remains unaffected, occurring as it does 
after sunset.  The percentage of electrical energy that is 
produced by the PV system that can be used by the 
dwelling is 76% in this instance.  
 
The impact on the electrical demand from the single 
dwelling on the typical sunny summer’s day is naturally 
more emphatic.  For long periods during the day, no 
demand is required by the dwelling.  For this particular 
case the proportion of the output from the PV system 
that can be used by the dwelling was 73%.   Peak 
demand from the dwelling is reduced from 6.2 to 5.9kW 
and the load factor is significantly reduced. 
 

0
1
2
3
4
5
6
7

0 2 3 5 7 8 10 11 13 15 16 18 20 21 23

Tim e of day

D
em

an
d

 (
G

W
)

Init ial Dem and Resultant dem and

Figure 44: Effect of Average Solar PV on electrical demand 
from a single dwelling on a typical sunny winter’s day 
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Figure 45: Effect of Average Solar PV on electrical demand 
from a single dwelling on a typical sunny day in August 
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The impact of installing identical PV systems in each dwelling of the 13 dwelling dataset was then 
investigated (figures 46 & 47).  The same output profile was assumed for each dwelling.  The impact on 
demand from the aggregated profiles shows similar trends to that seen in the single dwelling.  The demand 
drops to near zero during the period of electrical output from the PV systems resulting in significantly 
lower load factors.  Effectively, electrical demand is split into two distinct areas. The average proportion of 
electricity that could be used within the 13 dwellings was found to be 58% on the winter’s day and 59% on 
the summer’s day. 
 
This demand effect is likely to see a limit imposed on the number of PV systems that are adopted at a 
national scale.  Deployment of excessive numbers of PV systems would have serious implications for 
control of centralised generation, ranging from the effects displayed on cloudless days to lesser impact on 
days when cloud cover is present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To evaluate the impact of PV systems on the national domestic profile it is first necessary to assume the 
maximum level of deployment applicable in the UK.  This was taken to be 1M roofs [34].  To test the 
veracity of this claim, the impact of PV installed on 3M roofs was also investigated. 
The impact of 1M PV systems on the national domestic demand profile was evaluated using a methodology 
similar to that used for � CHP.  It was assumed that the dwellings would form a subset of the unrestricted 
tariff set of dwellings.  As such then, the national profile was generated using the formula shown below: 
 
Demand = (EA unrestricted tariff *  ((0.92*24.1)-1)+(1*Avg demand from aggregated 13 dwelling 
dataset)+(EA economy 7 tariff *  (0.08*24.1). 
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Figure 47: Effect of Average Solar PV on electrical demand 
from aggregated demand from 13 dwellings on a typical sunny 
winters day 

Figure 46: Effect of Average Solar PV on electrical demand 
from aggregated demand from 13 dwellings on a typical sunny 
day in August 
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The PV systems were then introduced to produce an average demand from the 13 dwelling dataset to give 
the impact on national demand (figures 48 & 49). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The impact of deploying 1M PV systems in 
the UK domestic sector on the domestic 
demand profile is slight. Peak demand is not 
affected, usually falling as it does past 
sunset.  There is a small reduction in demand 
during the day and this figure is prolonged 
during the typical summer day.  This 
deepening of the valley between morning 
and evening demand results in a lower load 
factor (Figure 50). The impact is greater in 
the summer when the PV system is operating 
for longer periods.  
 

Figure 48: Effect of Average Solar PV on national 
electrical demand on a typical sunny day in August 
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Figure 49: Effect of Average Solar PV on national 
electrical demand on a typical sunny winter’s day 
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Figure 50:  Effect of PV deployment on daily load factor 
from UK domestic profile 
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