Heat pumps and combined heat and power / district heating

by Prashant Vaze

This note has been written in response to the Decc’s consultation on the Renewable Heat Incentive and also speaks to the Household Energy Management strategy’s discussion of an area based decarbonisation of existing homes and communities.
 It is a background paper and is intended to help the internal analysis of policy options rather than the precise design of the RHI itself. It has also fed into the Consumer Focus response to the RHI.
The Office of Climate Change (OCC)’s Heat team evaluated the usefulness of CHP/district heating and renewable heat sources such as domestic heat pumps in to decarbonise UK’s heating needs. Neither technology is renewable. But both are important because there are few other ways of fully decarbonising old homes in urban areas – biomass and solar hot water are not appropriate - once they have been properly insulated. In others words if the aspiration is to decarbonise UK’s heating needs these two technologies are in competition with one another.

This paper is effectively making the case that district heating using waste heat from power stations is just as “renewable” as heat pumps – though I understand the EU renewables directive does not say this (which is obviously a major consideration for Decc). Below the surface there are similarities in the two technologies. Both exploit low grade energy to warm homes from either the ambient environment (heat pumps) or from heat rejected by power stations / industrial processes (CHP/district heating). Both technologies need significant capital spending to realise their operational saving potentials in existing homes: heat pumps need extensive retrofitting of insulation, and radiators designed for low temperature heat. Large scale CHP needs district heating networks to transmit the heat from source to home. 
The OCC study considered renewable heat, and domestic heat pumps in particular, as useful technologies for off-gas homes both in terms of their economic and carbon savings performance. Off-gas grid homes are usually located in sparsely populated areas and heated by oil, bottled gas or electricity. Since these energy sources are more carbon intensive than gas, heat pumps will avoid more carbon off the gas grid and because the areas are usually sparsely populated heat networks are unlikely to be cost-effective. 
Urban areas – especially difficult to treat homes – could be kept warm through district heating networks fuelled with gas in the short term, moving to different heat sources over time as low and zero carbon (LZC) thermal power replace the current fleet of power stations. This is an important point. District heating networks are technology blind – once developed they can switch heat source, just as the electricity grid built to convey coal fired power is now switching to low carbon electricity. The district heating system in Pimlico was originally used to convey coal fired heat, then oil and now its uses gas CHP. Future heat sources might include nuclear, heat from waste combustion, carbon capture and storage or biomass. There are also opportunities for district heating systems to use large thermal stores (like water bodies or soil) for inter seasonal heat storage for instance trapping unwanted waste heat in summer and extracting it in colder winter months. An example is provided in the Heat Call for Evidence
. 
In the UK heat generated from CHP is only transported short distances. In other countries there are examples of long distance heat transmission through well insulated, wide-bore pipes. These are already common in Denmark. We visited the Avedore plant near Copenhagen where surplus heat is transmitted 50km with just 2 per cent loss en route in the transmission system (losses were much higher in the local distribution). Heat has been supplied from nuclear power stations (using heat exchangers to prevent mixing of waters) in Switzerland (0.7 GW Beznau 1 and 2) and Bulgaria (2 GW Kozloduy power station used to provide Sofia with heat).
Within policy circles there has been much discussion of an ‘all electric’ solution to residential heating. Air source heat pumps powered by LZC electricity could be used to decarbonise all residential heating by 2050. It’s been my view for some time this is economically and environmentally inferior to district heating solutions in high density locations like many towns and cities.
I make the argument on four fronts:

· Heat pumps would lead to a dramatic increase in winter electricity demand with huge extra generating capacity needs. Much of this will have extremely low load factors and which would lie idle most of the time

· Heat pumps would need increased spending on local distribution and transmission networks to carry the additional current

· Optimistic assumptions being made about the effectiveness of heat pumps, which have yet to be experienced in the UK

· Inaccurate assumptions about the loss in electrical output from thermal power stations operating in co-generation mode against power only mode

I believe that a combination of centralised heat production (from zero carbon heat sources), heat storage and district heating is the most appropriate solution for decarbonising the heating needs of many urban areas – mimicking the investments made by Denmark over the 1960s and 1970s. Areas that cannot support economically viable heat networks need to use other low carbon heat technologies like heat pumps and renewables.
Peak energy demand for heating and impacts on generation
Figure 1 shows the use of daily use of gas (in GWh) for 2007-8 with the x-axis reordered according to consumption. According to the National Grid demand for gas on the coldest day of the year (based on 2007-08) was 5500GWh. Some of this is used for industrial use and power production. Of this 3000GWh is used for domestic use (National Grid’s 73MWh category – the bottom block in Figure 1). 
Figure 1 implies a 125GW of heat-power (3000 GWh / 24 hrs) demand to meet residential heating needs on the coldest day. Demand on the 180th coldest day is around 50 GW; falling to just 8 GW on the warmest day of the year. This means that 60% of capacity needed to service the winter heat demand will be redundant for 6 months of the year. This severely dents the economics of the heating plant and implies very high capital costs per unit of energy averaged over annual consumption. It might even be impossible to satisfy such a seasonal demand if inflexible nuclear or wind plant is used.
Figure 1: Stack chart showing daily gas demand over the year for different classes of customer ordered by daily gas demand
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Source: National Grid (December 2007) “Gas Demand Forecasting Methodology” 

The increased need for installed capacity to service electrical heating might be even worse than this if we take account of the fluctuation in heating demand over the course of a day. Figure 2 shows the fluctuation in demand over the course of a day for one home using a heat pump assuming that the heat demand mimics that of boiler, and the smoothing effect averaging for 21 homes. 

Figure 3 shows the smoothing of demand for a Czech district heating system for a fortnight period in November – it varies from around 60 MW to 160 MW with an average of around 100 MW. This implies that that peak electrical demand in the absence of daily electricity storage capacity could be around 180GWe new capacity. 
This could only be ameliorated by some mechanism for storing electrical heat over the course of a day. UK homes have tended to move away from storage heaters and hot water cylinders and reinstalling them will require substantial new investment. Neither is well suited to trapping low temperature heat produced by domestic heat pumps and would need massive thermal masses to be effective. 
Figure 2a: Demand profile of a heat pump following the operating pattern of a boiler and aggregate profile of HPs of 21 dwellings in hourly resolution [image: image2.png]Demand (kW)
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Source: Strbac G et al (April 2010)  “Benefits of Advanced Smart Metering for Demand Response based  Control of Distribution Networks” Imperial College

Figure 3: Changes in heat demand in Czech district heating system over the course of two weeks
[image: image3.emf]
Source: Chramcov B, Balátě J, Bata T Time series analysis of heat demand, http://bit.ly/cOl22K
If heat pumps are used to supply the heat demand the need for new electrical capacity will be much lower. The efficiency (coefficient of performance or COP) of the best domestic heat pumps are quoted as 4 – meaning the heat pump generates 4 kWh of heat for every 1 kWh of electricity. On this basis the all-electric solution needs an extra 45GWe of new capacity using the information in Figure 3 which takes account of the smearing of energy demand from looking at multiple homes. Even this represents a 75% increase in UK’s installed capacity, on top of the requirement to provide LZC power for the electrically powered road transport needs. Commentators often consider electric cars as providing a electrical storage facility. This is true but it tempered by the fact that at the time of peak electrical heat demand from domestic heat pumps will be in the early evening during the so called evening “drive time” when many vehicles will be off-line and unavailable to retrieve stored electricity. Even if the issue of diurnal electricity storage can be cheaply addressed through new technology problems of poor economics arising through the highly seasonal use remain.
Extra demands on electricity distribution and transmission networks

The Electricity Networks Strategy Group has undertaken analysis of the investment needs for new transmission networks. Ofgem’s Project Discovery talks about investment needs of £50bn in transmission and distribution networks.  These do not take account of the extra reinforcement needed to carry twice the electrical current through distribution networks.  This might require substantial work to up grade local wires and substations in areas of high demand, especially city centres.
Green Alliance’s recent Future Proof report based on interviews with distributed network operators talk about each heat pump demanding 10kW power requirements on top of the existing demands (such as electric cookers, vacuum cleaners) which would require significant reinforcement by DNOs which can only supply 12kW. This is a huge level of investment. Recent work by Imperial College (op cit Strbac et al) for the Energy Networks Association talks about each heat pump creating 3-4 kW extra electrical demand if the home has achieved Grade A insulation. 
Effectiveness of heat pumps

Advocates of heat pumps
 talk about theoretical efficiencies (COP or coefficient of performance) of 4:1 and even 5:1 for domestic air source heat pumps (ASPHs) using modern Japanese models. Such efficiencies would imply significant carbon (and cost) savings even if gas fired electricity were used. 
Figure 3 drawn from the Canadian government advice shows how the coefficient of performance deteriorates as the ‘lift’ in temperature (the temperature differential between the source of heat and output temperature of hot water (approx 40°C).

Figure 3: Temperature being lifted and the effective on heat pump performance
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Source: Natural Resources Canada (2002) “Commercial Earth Energy Systems: a buyer’s guide” http://dsp-psd.pwgsc.gc.ca/Collection/M92-251-2002E.pdf 

However performance in the field has failed to match up to manufacturer’s claims never mind the theoretical limits. The HFC refrigerants that are commonly used permit water to be produced efficiently to around 40°C (with a COP of between two and four). There is a question mark over the long term use of HFC refrigerants because they are themselves powerful greenhouse gases. In order to utilise heat at this low temperature the house needs to be well insulated to ensure heat is not lost through conduction or through draughts. Underfloor heating or large radiators are needed to transfer the low temperature heat from the water to the room. Without these investments homeowners would have to supplement the heat pump with normal resistance heaters greatly undermining the cost effectiveness and carbon performance.
As it stands UK homes have poor thermal insulation, poor airtightness and radiators sized for hot water at 60˚C. This means that substantial retrofit has to be undertaken to adapt homes to accept low temperature heat which is efficiently produced by domestic heat pumps. 

Making these changes in hard-to-treat homes is a significant and disruptive extra cost for the homeowner. EST is to publish results from field trials from 50 ASHP and 50 GSHP and this will provide some welcome UK data on the actual performance of domestic heat pumps in actual UK homes including any necessary changes to heating systems, insulation, airtightness to the home and any behavioural changes to make use of ‘background heating’.
There might be scope for higher temperatures to be extracted using heat pump by changing the refrigerant. The popular Japanese EcoCute model uses CO2 as a refrigerant instead of HFC but it has to operate at much higher pressures (around 250% higher pressures) than HFC based heat pumps. The higher operating pressures used by the compressor mean they are heavier, have a larger footprint and possibly require more power and cause more noise. They are currently favoured by commercial users. According to a recent article in the IEA’s Heat Hump Centre
 the Ecocute has a COP of 3. The manufacturers write about the devices being capable of efficiently producing hot water at 60°C but I am not aware of any verified data conforming this. 
Heat pumps are an expensive technology. They have complex engineered parts and compressors which wear down and need to be replaced. Air source heat pumps presently on the domestic market (for instance the Sanyo CO2 model) cost around £3000-£5000. There are additional to the costs of fitting and possibly adjusting the heating systems and insulation.
Losses of electrical output from CHP compared to a CCGT
The merit of CHP
 is that is makes use of some or all of the heat wasted from thermal power stations, amounting to about 50~55% of the fuel energy in standard steam power cycles (used in Energy from waste, coal fitted with carbon capture and nuclear power stations) or 35~40% in the combined cycle power generation plants (CCGT). 
It is sometimes argued that CHP systems greatly reduce the electrical efficiency by diverting a high proportion of the energy away from electricity output into heat production.  This is not a major issue at the relatively low temperatures that heat is diverted to provide heat for a district heating system. In a standard CCGT plant the combustion gases enter the gas turbine at between 900-1,400°C, the exhaust gases exit the turbine at 400-600°C still hot enough for a second cycle of energy recovery. Here the hot flue gases are used to create steam which powers a steam turbine. After this second round of energy extraction the steam is condensed using ‘cool’ from the environment either in cooling towers or using the sea/rivers to around 40°C above the outside temperature. This steam is then cycled once again through the boiler and steam turbine. A district heating system is alternative means of supplying ‘cool’ to condense the steam. If the district heating system only needed heat at 40°C above the temperature of the environment there would be no loss of electrical power. Returned water from the district heating system is presented to the power station at around 60°C and is heated to 90-125°C before again being dispatched through the district heating system. Cooling the steam through the cooling tower (or district heating system) is needed to maximise the electrical output of the turbine. 

Nonetheless there a penalty in terms of electrical output since a typical district heating system draws some high temperature steam to heat the water to sufficient temperature.
The advice the Office of Climate Change (OCC) obtained from experts in the field was there was some loss of electricity from the CHP system. But at the temperatures at heat is extracted for the purpose of heating water in a district heating system this trade-off is not very pronounced. At the type of temperatures that water is supplied to a district heating system, and with a suitably designed steam turbine, 7-8 kWh of heat can be extracted for every one 1kWh of electricity that is sacrificed
. This is much better than the COP that can be obtained from existing and theoretical future heat pumps.
The illustrative table below shows the effect of the overall performance of the system for different blends of CHP/power to show the trade-off. It shows that when the standard steam turbine CHP plant (i.e. after the prior gas turbine stage of generation) is operating in power only mode it produces 40 per cent useful output in full back pressure mode it produces 32 per cent power and 54 per cent heat with an overall efficiency of 86 per cent. 

Table 1: Energy flows in an extraction-condensing (steam turbine) CHP unit operating in five different blends of the two basic modes – back-pressure and condensing

	Energy flows (MWh)
	Full condensing
	¾ condens​ing
	½ condens​ing
	¼ condens​ing
	Full back-pressure
	Total

	Fuel
	100
	100
	100
	100
	100
	500

	Power cond
	40
	30
	20
	10
	0
	100

	Power CHP
	  0
	  8
	16
	24
	32
	  80

	Sum power
	40
	38
	36
	34
	32
	180

	Heat CHP
	  0
	   13.5
	27
	   40.5
	54
	135

	Plant Effic.
	0.40
	0.515
	0.63
	0.745
	0.86
	0.63


Source: “CHP without Mystery” Verbruggen, A (Professor at Antwerp University, member IPCC 3 & 4 assessments)
The illustrative table above (for a high temperature heat use) suggests that there are indeed losses in electrical output but on the efficiencies quoted above there is an 8 per cent loss of output in electricity in exchange for a 40 per cent gain in output of heat, and at a temperature that can be readily used in existing heating systems. In Copenhagen 15-20 per cent of the energy was lost from the heat transmission and distribution system – a little higher than losses in our electricity networks but not enough to overturn the superior thermal performance.

District heating networks combined with large heat accumulators can cheaply store high temperature heat produced by base-load LZC thermal power plant (like nuclear and energy from waste) and also flexible plant (like CCS, biomass). The in-home costs should be small once they become mass-market, consisting just of a simple heat exchanger and flow meter. The cost of boiler replacement and service is also avoided. This could one day be an attractive option for consumers. In terms of disruption to customers utilising district heating networks might be more straight forward than resizing domestic heating systems and installing solid wall insulation in hard to treat homes.

There is also the intriguing possibility of inter seasonal heat storage by trapping surplus heat in rock or water near the power stations in summer and extracting them in winter either passively or with industrial scale heat pumps. 

Conclusions

· If we meet the targets that the Committee on Climate Change has set us grid electricity will need to be decarbonised by 2050. We need to think systematically about how we reduce and then decarbonise our heating need just as we are doing for our electricity need.
· Heat pumps and district heating are rivals when it comes to fully decarbonising old homes in city centres once energy efficiency options have been fully exploited.

· There has been a relative neglect in Government support for the development of district heating systems which is incongruous with the support being shown for heat pumps through RHI.
· Neither technology is intrinsically renewable since both rely on electricity / high grade thermal heat which may or may not be renewably produced
· Both technologies can become low and zero carbon as thermal electricity decarbonises. 
· The arguments used to support investment costs of heat pumps that use grid electricity apply with equal force to the investment costs of district heating network

· The analysis in this paper shows that an all-electric solution to heat will create huge extra costs to electricity generation, distribution and network. Support for heat pumps and district heating needs to be more balanced to allow both technologies to develop.

· Even in city centres there is a potential role for large scale heat pumps in concert with district heating to harvest inter-seasonal heat stores.
I hope that Decc will re-examines the way it proposes we support district heating networks to put it on a more equal footing with heat pumps. Both technologies transform high grade energy into low grade heat. Both technologies offer significant opportunities for cost-effective carbon abatement and should complement one another. 
The approach taken in the RHI consultation supporting district heating only when linked to a renewable heat source (and only in proportion to the number of difficult to treat homes) via uplifts to the RHI needs to be rethought. It will lead to a far from optimal investment in heat networks – possibly encouraging some investment around energy from waste plant, which is welcome. It is likely to perpetuate the problems of under-provision and under-investment in district heating. 
If the objective if to encourage the investment in district heating rationally we need to de-link this policy from the RHI. We should prioritise areas with a high density of difficult to heat homes irrespective of whether they are to be heated by renewable heat. A low or zero carbon heat source can be phased in at a later date. 

It makes much more sense to introduce district heating/CHP policy through the Household Energy Management process and in particular through further elaboration of the role local authorities will play in decarbonising their areas. Linkage of district heating to the RHI would instead encourage a piecemeal development of the network. Some ideas of how this might be organised and financed are set out in a paper I wrote with Ed Mayo
.
Prashant Vaze
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