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CHP IN THE
UNITED KINGDOM

The reports of the Department of Energy’s Combined Heat and Power Group, chaired by Dr Walter
Marshall, have focussed attention on the long term savings in national primary energy consumption
which could be obtained by installing district heating (DH) in cities, in association with combined heat and
electrical power (CHP) generation. Recommendations have been made for the Government to initiate
such a programme in one or more UK “lead” cities. Keith Main* here reviews the background and some
implications of these proposals and the contributions that nuclear energy might make to heat supplies.

The combined production of heat and electricity is a well estab-
lished technique which is attracting renewed interest on account of
its fuel conservation potential, in the light of fuel shortages and price
increases in recent years. CHP generation in the UK has been con-
centrated mostly in the industrial sector of the economy and ifitis to
make a major contribution to fuel saving it must be extended to meet
space and water heating needs in the domestic, commercial and
institutional sectors. This would require the development of
extensive district heating networks in large towns and cities, whose
aggregate heat loads would be compatible with full scale CHP
stations.

Although there are many small to medium size group heating or
district heating systems operating in the UK, in nearly all of these the
heat is supplied by hot water boilers, without power generation. Fuel
and power scarcities in the aftermath of the second world war gave
rise to a number of schemes, of which the Pimlico-Battersea power
station scheme was regarded as a forerunner, but interest waned
during the 1960s, when oil fuel became cheaper and more
abundant.

Nuclear establishments pioneered the use of reactor heat for
space and process heating, with examples at Harwell (the BEPO
reactor) and Windscale (Calder Hall). In France, a project was
recently announced to recover and utilise heat for site use from two
experimental reactors at Cadarache.

In Britain, CHP has been developed to meet process require-
ments in a number of industries, notable among them being
chemicals and allied trades, the metal industnes and the paper and
board industry. Its penetration outside the industrial sector has
remained small in comparison to that in some other countries in
Europe, Scandinavia and the Soviet Union. To assess the reasons
for this and the future prospects for C n the UK, the former
Secretary of State for Energy in 1974 set up the Combined Heat and
Power Group, under Dr Marshall's Chairmmanship. Following consid-
eration of the CHP Group's repor. the present Secretary of State
announced Government support for feasibility studies of one or two
CHP/DH schemes in “lead” cities to be selected after consultations
with local authority associations and other interested
organisations.

—E

The Combined Heat and Power Group studies

Results of more than four years of study are summarised in the CHP
Group report, Energy Paper No. 35 (EP 35)' and the reports of the
District Heating Working Party, (EP 20F and the Heat Load Density
Working Party, (EP 34)°. This work shows that although CHP has a
clear energy saving potential its implementation is not always
economic under present conditions. Fuel price escalation is

“Economics and Programmes Branch, UKAEA

Battersea power station
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expected to tilt the balance in favour of CHP systems in time,
however, and in view of the long period needed for large-scale
implementation of CHP/DH, the majority of the Group has recom-
mended an early start to the conversion of one or more UK cities to
this method of heating. These cities would provide the necessary
demonstrations and experience to establish CHP/DH as a valid
option for longer term development. The Group suggests Govern-
ment financial aid should be extended to these schemes to enable
them to compete with existing heating systems at current fuel prices,
in order to attract the majority of consumers in the areas served
without having to resort to compulsory connection.

A smaller majority of the CHP Group recommended the creation
of a National Heat Board to produce an overall strategy, select the
lead-city schemes, set up local organisations to implement and run
them, establish a financial framework and deal with standards,
legislation, R&D and further studies. The remaining recommen-
dations of the Group were concerned with the encouragement of
additional schemes in industry, where CHP is already quite well
established.

Industrial combined heat and power

Large quantities of steam and/or hot water are used in production
processes in some industries, which also consume electrical power.
Much of this heat is required at temperatures up to about 200°C for
distillation and evaporation purposes, and steam is readily obtained
from back-pressure or pass-out condensing turbines at these con-
ditions (see Figures 1, 2 and 3). Heat may also be recovered from
diesel engine or gas turbine exhaust gases by means of waste heat
boilers and other methods. When the heat and power demand pro-
files are of broadly similar shape and offer the possibility of reason-
ably high load factor operation, industrial cogeneration, employing
one or other of the above-mentioned prime movers (dependent
upon the ratio of heat to power requirements), often provides a satis-
factory and economic solution.

Industrial CHP systems are normally compared against the alter-
native of heat obtained from local fossil fuel boilers and electricity
purchased from the public supply, because electricity generation
from small scale private plant without heat production is rarely com-
petitive. A recent survey of the private generation of electricity by
industry in Great Britain found that over two thirds of the electricity
was generated in CHP plants®.

Several types of modern industrial CHP plant can convert up to
about 80 per cent of the fuel energy into output energy in the form of
electricity and usable heat. This figure is similar to the thermal
efficiency of contemporary industrial boilers. The question faced by
managements is whether the extra capital and operating costs of
the CHP plant will be adequately recovered by the expected
savings in electricity purchases.

CHP plant investment may be classed as avoidable expenditure,
in the sense that it is not essential to the production process. In that
case it may be required to show a higher rate of return on capital
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than other productive investments and this will aimost certainly
exceed the 5 per cent (in real terms) specified for UK public sector
investment. The actual return on CHP investment will depend on the
future price of public supply electricity relative to that of industrial
fuels. As the proportion of nuclear power in the public supply grows
the price should become more competitive and industrial CHP
investments would then appear less attractive.

Statistics show that between 1950 and 1970 the percentage of
industrial electricity generated privately roughly halved and has
since remained relatively constant at about 16 per cent’. The CHP
Group has recommended further government measures to
encourage industrial investment in CHP plant'. One possible
solution, where industrial CHP schemes could save primary energy
but fail to meet private sector investment criteria, is for the project to
be owned and financed by a public sector utility which then sells the
heat and power produced to the consumers. The Midlands Elec-
tricity Board's diesel engine CHP station at Hereford is an example
of this approach. If this station operates at high load factor it will
effectively supplant base-load generating capacity elsewhere on
the national grid. Although the Hereford diesel engines run on a
heavy grade of fuel oil, it may appear not to be in the long term
national interest to displace coal or nuclear generation by oil con-
sumption, even though primary energy is saved in the process.

In the Hereford scheme process steam will be supplied by pipe-
line to local factories, the steady output from the CHP plant being
augmented at the station by steam from oil-fired boilers to meet
demand variations. Low grade heat from cooling water jackets and
oil coolers will be used to preheat the boiler feed water for the
exhaust gas boilers and oil-fired boilers. In this installation the CHP
plant is freed from the constraints of maintaining a balance of heat
and power output to match the instantaneous demands of an indi-
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station is a coal-fired CHP station

- Y

Spondon H power

vidual factory, the electricity produced being fed into the local distri-
bution network and credited at the appropriate Bulk Supply Tariff
rates. The Area Board might justify higher prices than would be paid
to a private organisation exporting surplus electricity to the grid, on
the grounds that it is a firm supply under their own control. The
success or failure of schemes like that at Hereford depends on local
factors and each proposal has to be carefully assessed on its own
merits.

The CEGB's Spondon H power station near Derby is a coal-fired
CHP station equipped with back pressure steam turbines. Bulk
supplies of steam are piped to an adjoining chemical works for
process use, while the electricity produced is fed into the local grid.

Another possibility, of a longer term nature, is to establish process
steam supply systems, fed by nuclear reactor heat sources, for
large industrial agglomerations®. Depending on the type of reactor,
its coolant temperature and the required process steam temper-
ature, the reactor station might be of the CHP or of the heat-only
type. A more detailed study of a system of this kind for the Liverpool
and Merseyside industrial area has been reported’.

The greatest savings of primary energy are obtained from those
industrial CHP systems which achieve high utilisation of the fuel
energy and which have a relatively low ratio of heat to power output.
The energy utilisation (sometimes called thermal utilisation factor) is
defined as the ratio of the combined outputs of useful heat and
electricity to the energy content of the fuel and may be denoted u. In
effective systems, u may have a value between about 0.5 and 0.8.
The heat to power ratio, denoted k, ranges from less than 1 for diesel
engine/waste heat boiler systems, through values of about 2 to 3 for
gas turbine/waste heat boiler systems, to higher ratios for back
pressure steam turbines (in which k increases as the back pressure
and temperature increase)

For two systems of equal u, that with the lower k saves the most
fuel because the electrical output is displacing electricity generated

in condensing turbines with an efficiency of not more than about 35
per cent. Consideration should also be given to the type of fuel used.
however. While boiler/steam turbine systems can burn coal or
residual oil, as used in central power stations, gas turbines require
gas or distillate oil. For plant with a design life of 20 or 30 years, future
fuel price and availability rank high in importance.

Combined heat and power for district heating (CHP/DH)
CHP/DH unit size Although small internal combustion engined CHP
units have been developed, using car engines adapted to run on
natural or bottled gas, it is improbable that such small-scale systems
will be adopted in the high-density housing areas where most of the
demand for space and water heating is concentrated. In such areas
it is more likely that medium size DH systems will nucleate and grow
until they coalesce into networks with aggregate heat demands
large enough to justify connection to CHP stations. During this build-
up period heat-only boilers will be employed and after conversion to
CHP these may be retained for peak load and standby duties.
The level of heat demand at which CHP is considered feasible is a
matter to be decided on economic, environmental and energy con-
siderations. For smaller communities in countries with decentralised
energy supply systems local diesel engine CHP stations with heat
and power outputs of about 10 MW are in use. In the UK there is a
centralised electricity supply system which has allowed the
development of large power stations with economies of scale, high
efficiency in generation and transmission, and the use of nuclear
and low-grade fossil fuels, especially coal. CHP from these large
stations would substitute uranium or coal for the increasingly scarce
and expensive gas and oil now being consumed in individua
heating systems. It could also displace some of the electricity used
for space and water heating in the areas served. Studies carried out
by the CEGB indicate that a heat output of about 350 MW from a
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single steam-cycle CHP unit would be compatible with the cost and
performance targets for economic operation®.

Unit heat supplies of 350 MW are too large for all but the largest
cities and conurbations, but as about 80 per cent of the national high
density heat load is associated with the five largest conurbations in
Britain this is not a serious objection’. Itis unlikely, however, that any
system would be designed to be dependent upon a single plant for
its entire heat supply, or even its base-load supply. Peak demands
of several times the unit output are therefore required. It is implicit in
this scenario that bulk heat transmission would be required from the
larger CHP stations to the city networks, and in the CHP Group
studies allowances were made for transmission distances of 15 km
and 50 km for fossil fuel and nuclear stations, respectively. Timing
the introduction of such large increments of heat supply might
present difficulties of matching supply and demand in an efficient
and economical manner, with some detriment to system operating

costs.

The choice of CHP/DH system temperatures DH systems can
operate with supply water temperatures in the region of 100°C, con-
siderably below the temperature needed by most industrial process
heat systems. The thermodynamic advantage of low supply temper-
atures is that heat can be extracted at later stages of the expansion
of steam in a turbine-generator, after it has performed more useful
work for electricity generation. One consequence is that k, the heat-
to-power ratio, is lower than in similar industrial CHP steam plant.
The lowest temperature at which heat needs to be delivered to
dwellings to heat domestic hot water indirectly is about 65°C while
the maximum temperature for shielded radiators is limited by safety
considerations to 95°C.

The DH mains temperature then depends on whether a direct or
indirect (heat exchanger) system is to be used. In either case the
delivery temperature is defined within a fairly narrow range. It may
be designed to vary seasonally; and allowance must be made for
temperature losses in the distribution system. Return temperatures
are kept as low as possible in order tominimise flow rates, pipe sizes
and pumping power requirements. The distribution system
pressure is kept as low as possible to save piping wall thickness and
if the temperature can be kept below about 100°C the pressure will
be determined chiefly by pumping considerations and local
topography.

The mains temperature in an indirect system is increased by the
unavoidable temperature difference in the heat exchangers.
However, these serve the useful purpose of isolating the consumer
installations from full mains pressure and reducing leakages from
and contamination of the main circuits.

Recent computer studies to find a minimum overall cost optim-
isation of system temperatures, from the CHP turbine to consumers’
premises, suggest the use of direct systems with flow and return
temperatures of about 90°C and 50°C, respectively. Under the
assumed conditions the cost is not extremely sensitive to small
changes in these temperatures, however’. The requirements of
commercial, institutional and industrial consumers must also be
considered and these may lead to the selection of a supply temper-
ature higher than that needed for domestic premises alone.

CHP/DH supply and demand profiles Like electricity system
demand, the aggregate heat requirements of an area will display
hourly, daily and seasonal variations. To avoid having to size the
CHP plant to meet peak demands of short duration, either auxiliary
boilers or heat storage can be provided. The volume of water in the
DH mains represents quite a large quantity of stored heat and this
can be augmented by installing insulated storage vessels. Short-
term heat storage is efficient and sometimes economic but the
viability of seasonal storage is more difficult to establish
Aggregate heat demand is the sum of demands from separate
classes of consumer (domestic, commercial and industrial) each of
which has a different time profile. If, as is likely, the peaks of demand
of each class are not coincident, the peak system demand will be
less than the sum of the separate peaks and there can be a saving of
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installed capacity. Similarly, within a class the demand patterns of
individual consumers are not identical and the class aggregate is
always less than the individual demand multiplied by the number of
consumers, even at peak times. This diversity factor is assumed in
the CHP Group report to have a value of 0.8 in the domestic sector
and 1.0 in the commercial and institutional sector.

In any given area the demand profiles for heat and electricity will
also differ from each other and if all supplies of both forms of energy
had to be obtained from CHP plant the heat to power ratio k would be
changing continuously, making operation difficult. When the local
electricity system is connected to the national grid this problem is
less acute and in practice the separate loads are usually satisfied by
using a mixture of single and dual purpose plants of different types.

Figure 4 shows profiles of electricity demand in England and
Wales on different days in a recent year, including the day of
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maximum demand. The system annual load factor (defined as the
ratio of average to peak annual demand) is approximately 57 per
cent. Figure 5 shows estimated heat demand profiles for a DH
system on typical winter and summer days. Without storage the
system capacity must exceed the winter peak but with diurnal
storage it could be reduced to about 70 per cent of peak load.
Seasonal variation of heat demand, smoothed for clarity, is
illustrated in Figure 6; the annual load factor in the UK is said to be
about 40 per cent'.

It is usual to convert the demand profile into load duration curves
of the type shown in Figure 7, which brings into focus the short dur-
ation of the maximum demand and the low minimum for summer
water heating. If heat-only boilers are installed to meet a fraction
(usually less than half) of the peak demand they can also be used to
meet the summer load during the annual maintenance of the CHP
plant and for standby at other times. By this means the CHP capital
investment is reduced and its operating capacity factor (defined as
the ratio of average annual output to installed capacity) improved to
around 80 per cent. The fuel cost penalty of the boiler heat output is
not severe because its capacity factor is only 20 per cent or less.

CHP/DH fuel savings Some fuel can be saved by DH systems with
heat-only boilers, because the efficiency of a central boiler-house is
higher than that of individual heating appliances, but this saving is
reduced by heat losses from the DH pipework. Annual losses of
about 10 per cent of the heat sent out are typical of correctly
insulated, reasonably compact systems. It is only when the heat is
supplied by a CHP plant that substantial fuel savings can be
realised, encouraging planners to aim for a rapid build-up of the
precursor DH networks.

The following composite statements are representative of
criticisms which have been levelled at the electricity supply
industry:

e “Electricity generation consumes a quarter of UK primary energy
and two-thirds of this is wasted in the form of cooling water. This
waste can be avoided in CHP stations".

e "“The average efficiency of UK power stations is only 31 to 32 per
cent whereas CHP stations are about 80 per cent efficient, so a lot of

fuel could be saved by converting power stations to CHP

operation.”

Such statements are potentially misleading and the following points

are relevant:

1. Of the fuel energy consumed in a power station roughly 10 per
cent is lost in combustion, mainly in the flue gases, and about 5
per cent more in miscellaneous heat and energy losses. In a
modern station of 35 per cent net efficiency, this leaves only
some 50 per cent to be rejected to cooling water, which is at such
a low temperature that it is useless for space heating. A CHP
station has irrecoverable losses very similar to the stack and
other loses of the conventional power station.

2. The average system efficiency includes stations which are old
and inefficient and those which are necessarily run intermittently

100

Mean demand (arbitrary units)

Jan IFeb'MarlAprlMay!Jun‘ Jul IJ\ugrSepIOmI Noleec
Month
Fig.6 Seasonal variation of district heating demand
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or at part load. As noted above, a new station has a net efficiency
of at least 35 per cent.

3. The definition of power station efficiency is the net electrical
energy produced as a percentage of the fuel energy consumed.
Electricity is a high-grade form of energy with important uses for
lighting, motive power, electrolysis and other industrial
processes, which cannot be matched by low-grade heat. Simple
addition of the outputs of a CHP station blurs the distinction
between these very different energy forms and the result is not
directly comparable with power generation efficiency as
defined. Itis not difficult to obtain heat from fuel at high efficiency
on a large scale and, as noted above, power station boilers do
this with about 90 per cent efficiency. The conversion of this heat
to mechanical or electrical energy is the more difficult process, in
which the rejection of heat at low temperature is an inescapable
part. The generating efficiency of a power station is optimised
and is inevitably reduced if the heat rejection temperature is
increased, as for CHP operation.

4. The fuel saving of a CHP station should be calculated by com-
paring its fuel consumption with the fuel required to produce the

same net outputs of heat and electricity, in domestic boilers atan
efficiency of, say, 65 per cent and in power stations at 35 per cent
efficiency, respectively. The result will depend on the heat-to-
power ratio, k, of the CHP station in question.

5. Although some types of CHP plant can have an overall energy
utilisation, u, of some 80 per cent, not all can achieve this. Con-
trollable pass-out turbines, similar to Figure 3, are sometimes
used to obtain flexibility of the ratio k in operation; electrical
output can then be increased when little or no heat is needed.
Because only part of the steam is extracted and the remainder
passes to a condenser, these turbines have lower values of u
(and k) than back pressure machines (Figure 2).

6. Many modern power station sites are remote from population
centres, which has environmental advantages but is inconven-
ient for CHP/DH operation. Urban or near-urban siting of CHP
stations could have adverse environmental impacts; if flue gas
desulphurisation is a condition of such siting it would incur a
further loss of efficiency.

Following the calculation procedure outlined in point 4 above,
values of u for CHP and non-CHP alternatives are plotted against
heat-to-power ratio, k, in Figure 8. The knee of the CHP curve cor-
responds to a back pressure turbine suitable for aDH system having
a rather low water supply temperature. Lower values of k represent
pass-out condensing turbines with the same water supply temper-
ature, k becoming zero in the full condensing mode, when no usable
heat is extracted. Higher values of k correspond to back pressure
operation with increasing back pressures and water supply
temperatures.

The percentage fuel savings of the idealised CHP/DH systems
represented in Figure 8, compared with the separate production
alternative, are shown in Figure 9. The results illustrate general
performance characteristics, although they do not necessarily cor-
respond to any particular plant. Fuel saving is seen to attain a
maximum of approximately one third, in the case of a back pressure
turbine working at the lowest feasible back pressure. Actual fuel
savings may therefore fall short of those which could be expected
from statements of the type quoted earlier.

To determine the appropriate value of k for a specific case, an
estimate would be made of the local heat demand and a study
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carried out of the existing or potential power station sites in the
locality and of their associated electrical capacity. Suitable plant
could then be selected.

The saving of fuel achieved in practice will depend on current
thermal insulation and comfort standards. These factors interact
with the cost of heat and whether or not the heat consumption of
individual dwellings is metered. Accurate and reliable metering is
expensive and consumers need adequate controls to allow them to
adjust heat consumption. The omission of meters increases annual
heat consumption by as much as 30 per cent, although it may have
relatively little effect on peak demand and therefore on supply
capacity, because most heat will be wasted during spells of mild
weather. If, as expected, the marginal cost of CHP heat is low the
provision of meters and controls may appear uneconomic and
could even affect the economic viability of an entire scheme. If the
case for CHP/DH in the UK rests primarily on energy conservation
then provision of meters seems essential and they were, in fact,
included in the schemes studied by the CHP Group.

The economics of CHP/DH A large CHP/DH system requires major

capital investment in CHP station plant and equipment, DH
transmission and distribution systems and installations in
consumers’ premises. This expenditure will be incurred by different
groups such as the heat and power ultility, the district heating
organisation and, finally, individual consumers. In making economic
assessments, their treatment of costs and benefits will differ
according to the perspectives of the organisations and individuals
concerned. If it is assumed that DH supply is to be a public sector
responsibility public sector investment criteria will apply to much of
the expenditure, but not to that incurred by private organisations
and individuals.

While the CHP Group studies include economic assessments in
overall national terms, some further analysis of the incidence of
costs and benefits will therefore be needed. Only if the economics
appear attractive to all the interested parties will the level of support
and cooperation needed for successful implementation of large
scale CHP/DH be forthcoming.

For a supply organisation making a financial appraisal of an isol-
ated CHP/DH investment project, it might be sufficient to compare
the total capital and operating costs with the expected total revenue
from sales of heat and electricity, all suitably discounted. There
could be difficulty, however, in defining the sales values of the pro-
ducts; in the case of heat, because of the diversity of existing alter-
natives and their changing relative costs and, in the case of elec-
tricity, because it may be absorbed into a complex national grid
system having a range of time and demand dependent on pro-
duction costs and selling prices.

A broader approach is to compare total system costs, with a CHP/
DH scheme in operation, with those of the alternative of separate elec-
tricity generation and individual heating appliances. A convention
which is often adopted is that there should be no cross-subsidisation
from consumers of one product to those of the other but this principle is
more easily stated than applied, because of the lack of a simple
method of dividing the total CHP costs between the joint products.
One solution to this problem is to assign a cost to the CHP electricity
corresponding to that from a typical condensing power station, all
the remaining costs being allocated to the heat produced. If this
method has a weakness it is that, if it is used to determine selling
prices, it protects electricity consumers from an increase in their
costs but does not ensure that they share in any overall savings (if

the CHP/DH option does not produce such savings it is unlikely to be
built).

Figure 10 illustrates these points in a simple model. AD is the CHP
co-product cost line such that prices corresponding to any point on
it will yield total revenue sufficient to recover total costs (Appendix 1
gives the derivation of this line). The nominal price of electricity
generated in condensing power stations is represented by e and
that of heat from conventional appliances by h. A CHP system is
potentially economic if the line AD passes between the origin O and
the intersection E. In practice the choice of prices, while arbitrary, is
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limited to the range BC, as it would be unrealistic to assign a price to
either product higher than that of separate production. The method
of pricing CHP output described in the previous paragraph
corresponds to point B in this diagram.

A crucial factor in the economics of CHP from large steam turbo-
generators is the reduction of electrical capacity per unit rate of usable
heat extraction, taking a condensing power station, with the same
fuel consumption, as the reference standard. This power loss factor
(denoted z) may lie in the range 0.1 t0 0.2 and the lower its value, the
greater is the probability that the system will be economic (because
a unit of electricity is worth several times as much as a unit of heat).
One way to secure a low value of z is to extract the heat at as low a
temperature as practicable. It can be shown that the fractional
power loss is given by the following expression:

(P.=P)/P. = zk/(1+2K). . . (1)

where P. = power rating of condensing station
P = power rating of CHP station at heat rating H
z = power loss factor = (P.—P)/H
k = heat/power ratio of CHP station = H/P.

Following the convention described earlier, the costs attributable to
the heat supply from a CHP station are the incremental capital and
operating costs of the station above those of a condensing power
station of the same electrical output (subject to any necessary
adjustment of the annual load factor changes as a result of CHP
operation). A substantial part of these costs will be proportional to
the fractional power loss given by equation (1).

In the procedure adopted in the CHP Group studies it was
assumed that the CHP power loss would be fully compensated by
the construction of additional condensing plant, sufficient to restore
system capacity to its unperturbed level (i.e. without CHP). The
capital and operating costs of this incremental capacity were
chargedto the heat supply. The two methods produce the same end
result but the former is free from the constraint that the electrical
system capacity is necessarily maintained when an area is
converted to CHP/DH. Because some of the premises connected to
the DH system would previously have used electric heating, a
reduction in demand is quite possible.

The CHP Group made economic comparisons of four medium-
term options as follows:

® heating with the existing mix of appliances and fuels

® all gas-fired central heating

e DH with heat-only boilers

e CHP/DH

Four parameters, namely the size of development, the dweling
density, the discount rate and the fuel price escalation, were each
assigned three possible values, giving 81 different cases in which
the four options were compared.
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