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3 Executive Summary

Introduction

This feasibility study was part funded by the EST Innovation Fund and Powergen. and was led by
Dr Keith Tovey, Energy Science Director of the [Biilell' Project at the University of East Anglia.
The building studied in Duke Street, Norwich had an association with the supply of electricity for
over 100 years. During the Second World War it was the site of the first commercial heat pump
installation which was designed and engineered by John Sumner, Norwich City Electrical Engineer.

Market research by Highcourt Developments Ltd suggested that the best option would be to
convert the buildings to residential use for 98 flats and 9 live-work units (14 to be affordable
housing). The planning application awaited finalisation, but the proposed scheme also included a
102 bed hotel, and initially it was intended that a bio-diesel fired CHP unit for the commercial site
might be included as part of the whole site energy study. However, as no detailed information of
structural form or ownership of the proposed commercial development could be contracted during
the period of the study, it was impossible to undertake a meaningful economic and environmental
assessment of this aspect.

The Scope of the Feasibility Study

The study was structured to examine issues of improved insulation and the viability of an
environmental and economic model using heat pumps and under floor heating. These form a
coherent combination because the optimum temperatures for under floor heating operation match
those for optimum performance of heat pumps. The study also reviewed the acceptability of novel
technologies, the implications for selling prices, and the ownership of the heating equipment.

Norwich City Council are partners in the CRed initiative and see energy conservation and
sustainable generation of power as an integral part of Council policy, presently being incorporated
into the Replacement Local Plan. This will require developers to take more account of energy
efficiency in the design of new development and the conversion of existing property. It will also
encourage the production of energy by more sustainable methods such as wind power CHP, and
as in the present case, the use of heat pump technology.

Programme of work/methodology

Planning approval had not been obtained at the start of the project, which meant that no final
designs were available. A reference case (against which all the heat pump options could be
compared) was assumed for both the insulation standards (Part L1 2002) and the heating
equipment specifications (gas fired condensing boiler plant using radiators as heat emitters) for
both the individual flats and the communal areas. The base case costings were provided by the
developer and are in line with actual figures on similar projects. Basic heat loss calculations were
computed and insulation levels assigned in line with Part L1. A comprehensive series of linked
spreadsheets using EXCEL VBA, which enabled modifications of any aspect of the project to be
made quickly. Additional linked sheets examined the environmental aspects and the economic
models of Cost Benefit Analysis. Thus a change in heat recovery rate was immediately reflected in
the financial spreadsheets. With suitable funding the software created specifically for this project
could be modified to create an evaluation tool for more general use.

Results

Two critical issues soon became apparent:-

i). Heat requirements due to forced ventilation in internal bathrooms outweighed the requirements
for fabric losses. Small amounts of heat recovered from ventilation will have a more significant
effect on carbon dioxide reductions than any improvement to insulation. Effort was therefore
focussed on heat recovery for which heat pumps are particularly suited.

'(CRed) based in the Low Carbon Innovation Centre at the University of East Anglia aims to facilitate the reduction of
carbon emissions in the Eastern Region by 60% by the year 2025, ahead of the Royal Commission recommendation of
2050.
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ii) Using heat pumps to provide hot water creates a problem as there are conflicting requirements
with the maximum water temperatures required to prevent scalding, and the minimum storage
temperatures to ensure Legionella bacteria do not thrive. Providing individual heat pumps in
each flat is no problem as the heat pump effectively replaces a boiler and anti-scolding mixer
taps can be fitted. However, greatest financial benefits are achieved using communal heat
pumps with the central main running at temperatures consistent with the under floor heating.
Additional top-up heating for the hot water using either electric resistive heating or auxiliary
heat pumps is then necessary.

Heat sources were considered from both ground probes and the River Wensum. Even if all the
heat were to be extracted from the river, the temperature of the river would be depressed by less
than 0.1°C. With the proposed heat recovery options, the use ground probes will provide a limited
inter-seasonal heat store.

The heating system comparisons focused on the capital costs of alternative environmental
improvements, the controllability by the individual occupiers and relative maintenance costs. Nine
different heat pump options were considered: two were based around individual heat pumps in
each flat, while the remainder examined different communal heat pump options. Options both with
and without heat recovery were examined. All nine options resulted in a saving in carbon dioxide
emissions of at least 35%, with some reaching 60%. The communal schemes with heat recovery
were still cost effective, despite the additional costs. Individual heat pump schemes were
noticeably less cost effective than the communal schemes. Two schemes with heat recovery were
chosen for more detailed analysis: i) the individual heat pump scheme (1R), and ii) one of the
communal main schemes (3HR2). The latter scheme operates the communal main running at
35°C with hot water top up from auxiliary heat pumps. The results are summarised in Table 3.1
and show that the individual heat pump scheme is not cost effective over 15 years. The main
reason for this is the standing charge applied to each individual consumer rather than just once in
the communal scheme. If there were a grant of around £70,000 or, as is likely, equipment
discounts were available, then this scheme is also cost effective.

The EU Carbon Emission Trading Scheme comes into force on 1% January 2005. With permits
trading at around 7 — 10 Euros per tonne of CO,, this range of figures gives a provisional cost
against which to judge carbon reduction strategies. The communal scheme shows a net saving of
£19, while the individual scheme (without discount) shows a net cost of around £10 (Table 3.1).

Advantages were identified with the individual heat pump scheme, i) that this is nearly equivalent in
performance to a traditional boiler solution, ii) such a scheme provides the option for fabric cooling.
The communal scheme is more cost effective, but ownership issues relating to the central plant
need to be addressed. The report identifies that Energy Service Companies may hold the key
here. The communal scheme is shown to be financially viable to both the Energy Service Company
and the individual householder. Finally, some research is included into the willingness of potential
buyers to pay extra for energy saving measures. Two contrasting viewpoints are considered.

Table 3.1. Overall Summary Table

Capital Annual Net ' annual Delivered |, ©©2 Net CO,
Option Cost Energy | Present Energy (KWh) (tonnes) cost
Cost Value 9y (-saving)
Gas |Electricity| Total |£ pertonne

Base Case B |£762,000 | £29,448 1866667 31799 361
Individual heat pumps with
recovery 1R | £897,984 | £19,315 |-£33,857 303426 130 £9.77
Communal scheme with
35°C and auxiliary heat 3HR2 | £848,230 | £14,508 | £64,348 338451 | 146 £19.95
pump for HW: with recovery ’ ’ ’ et
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DESCRIPTION OF THE FEASIBILITY STUDY

a)

b)

SCOPE OF FEASIBILITY STUDY

To explore the technical possibilities for a low carbon emission conversion of the
existing office building at 4 Duke Street, Norwich into saleable residential units.
This study forms a component part of the energy strategy of Norwich City Council.

Norwich City Council is a partner in the CRed initiative. Energy conservation and
sustainable generation of power to meet energy requirements are an integral part of
Council policy and are incorporated in the Replacement Local Plan, shortly to be
adopted. Policies within the Plan require that developers take account of energy
efficiency in the design of new development and the conversion of existing property
to new uses. They also seek to encourage the production of energy by more
sustainable methods, wind power, combined heat and power generators and as in
the present case the use of heat pump technology.

The current legal position imposes restrictions on the ability of the Council to
enforce measures to achieve policy aims over and above those stipulated in other
legislation — notably the Building Regulations. While contributions to energy
efficiency can be achieved through careful attention to detail and effective use of
materials, other aspects such as encouragement and persuasion remain key tools
in achieving these objectives. Tangible examples, such as the present project, can
and do provide an invaluable contribution and enable officers to point to specific
completed developments that demonstrate to other developers and subsequent
occupiers the potential cost savings that can be accrued.

BACKGROUND
i) Overview Description of Project

The carbon reduction project contemplated in this application involves the
contemplated innovative conversion of a central Norwich Office Block, 4 Duke
Street, Norwich into 98 flats plus 9 live-work units. 14 of the units are being
developed as affordable housing with the rest being for sale on the open market.
Bank funding has been agreed and full planning permission is under discussion with
Norwich City planners.

The site is close to the Norwich City Centre and bounded on one side by the River
Wensum. Plans and models of the site are illustrated in Appendix 1. The
developer’s original plans also sought to redevelop some adjoining derelict land into
a 102 bed hotel.

The project is led by the Carbon Reduction Project (CRed) based in the Low Carbon
Innovation Centre at the University of East Anglia. This CRed project aims to
facilitate the reduction of carbon emissions in the Eastern Region by 60% by the
year 2025, ahead of the Royal Commission recommendation of 2050. It forms a
major part of the Climate Change Strategies of the Norfolk local authorities
particularly Norwich City Council.

The feasibility study was officially launched on 8" January 2004 with a target
completion date of 30" June which it was felt would phase in to the planned start
date of the redevelopment. An extension was however applied for to accommodate
the changes brought about by the timescales involved in the negotiating the
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planning consent for the site and the increased work loads of the commercial
partners which they have experienced over the period of the study.

The scheme is a privately owned and funded development and a conscious
decision has been made to convert the building to residential use rather than
redevelop it as offices.

The building was occupied by the main electricity suppliers to the city for over 90
years and had a significant pioneering role in Energy Efficiency during the last war
as it was the first building in the UK to use a viable heat pump. This heat pump
was installed in the early 1940’s by John Sumner using second hand components,
many of which were then over 10 years old. Sumner (See Appendix 3) also
demonstrated that there was not only a saving energy, but also an economic case
for using a heat pump over the then alternative of coal.

During the 1950's, the heat pump was removed for several reasons: a) fossil fuels
were becoming increasing cheap, b) the newly privatised electricity industry had an
objective to promote electricity use, and c) the components, particularly the
compressor which was originally designed as an ice making machine, were far from
ideal for the purpose in hand.

Today, the opportunity to reinstate a heat pump or pumps in the same, but
converted building, would have particular significance in promoting energy
conservation technologies elsewhere. The developer, as a result of the
partnerships formed for this project, has joined the CRed partnership and is keen to
promote energy efficiency measures. The developer felt however, that an
economic, energy and financial model must be demonstrated by this feasibility study
to allow them to take the additional advanced energy efficiency route planned in this
project.

If a viable scheme can be devised, there is a very strong case for replicating these
ideas on other projects across the country.

Heat Pumps rely on electricity from fossil fuel for motive power and in energy
efficiency terms easily outperform any conventional heating system even those with
condensing boilers. The original heat pump installed by John Sumner achieved a
coefficient of performance of nearly 3.45 using the adjacent river as the heat source
representing a saving of nearly 50% in carbon emissions compared to the best
conventional heating appliances. Together with improved insulation and using
modern heat pump technology an overall energy saving of 60% could well be
achieved even in this existing building.

This feasibility study concentrates on the residential aspects of the site. However,
some work was originally anticipated in linking the study with the energy aspects of
the adjoining commercial part of the site where separate consideration was being
given to the inclusion of a CHP plant which would run on bio-diesel. This would
provide carbon neutral electricity for the residential site, and further reduce the net
emission of carbon dioxide. During the actual study, for reasons explained below,
it was not possible to pursue these aspects on the adjoining site.

Conversion of the existing office building and warehouse building to residential use
will require higher internal temperatures to provide the necessary thermal comfort
for the occupants. However, to promote effective energy management it is
essential that each occupant is responsible for his or her own energy use. Only in
this way can people be persuaded to use energy wisely. Any control, or
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accountability, of energy use must be at least as good as that provided by the base
case scheme of individual condensing boilers in each flat.

A communal heating system based on a centralised plant may be marginally more
efficient and is likely to cost less to install. However, careful consideration must be
given to how charges are made for energy use, and space heating in particular.
While it is straight forward to provide electricity meters for lighting and appliance
use, monitoring heating requirements requires careful consideration. It is
unacceptable to charge for heating based solely on a floor area basis, as differential
thermostat settings can have a profound effect. A 1°C change in temperature in the
typical UK climate results in a change in energy use for space heating by 8%.

The novel approach in this study has investigated several different schemes using
heat pumps. Some schemes use individual heat pumps in each flat while others
envisage communal heat pumps supplying the whole building. The study has also
explored the use of under floor heating as an effective means of providing space
heating. Normal heating systems as envisaged in the base case involve the use of
hot water radiators. To provide efficient heat transfer, these radiators must operate
at elevated temperatures usually in the range of 60 — 80°C. However, at these
temperatures, the coefficient of performance of heat pumps will be low making their
use questionable. On the other hand under floor heating is optimised when the
temperature is around 27°C as the surface area is much larger than normal
radiators. This makes this heating medium ideal when combined with a heat pump.
Indeed, after his retirement, John Sumner installed under floor heating running from
a heat pump in the bungalow he constructed in Norwich.

The developers of the site, Highcourt Developments Ltd. together with their property
managers, Targetfollow Estates Ltd, are committed to investigating ways of
reducing CO, emissions via the CRed project, and would otherwise have used a
standard heating design package with individual fossil fuel boilers, conventional
heater emitters. For the commercial part of the site and the communal areas within
the residential complex it was planned to use a large central boiler. The developer
also wished to investigate the viability of offering optional additional energy saving
features to their purchasers and tenants. Such options might include the
incorporation of photo voltaic cells to produce electricity, whole flat /building heat
recovery systems, or fabric cooling using heat pumps etc. Some of these
additional facilities might be provided by a novel approach using the Energy Service
concept.

This feasibility study not only attempts to address energy conservation by basic
energy efficiency measures, but also explores several other novel approaches. The
study itself provides a unique link to the historical development of the heat pump,
and should provide a model to promote heat pump technology more widely. It also
explores novel ways of funding energy conservation and carbon reduction projects
through optional additional packages or through Energy Service contracts Such
concepts, if demonstrated to be viable in the study, could be a model for wider use
across the country.

i) The Historic Context of the Duke Street Site.

The area adjacent to the line of the current Duke Street, between the River Wensum
and Charing Cross, has been an area of significance in the history of Norwich from
the 16th century onwards. The name “Duke Street” derives from the ducal palace
which straddled the present street for nearly 200 years.
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In medieval times, the site was just outside the city limits, which spread from
Tombland to the Great Cocky River. This river now runs in a culvert for most of its
route along Gentlemen's Walk towards its confluence with the Wensum in the
stretch between Duke Street and George Street bridges. From the 11th century wet
industries developed in this area, such as dying and tanning.

An important development was started in 1540 when the Duke of Norfolk Set up His
Town House in Norwich on this land. Around 1602 it was extended and in a History
of Norwich by Frank Meeres he records the subsequent history as follows:-

"The 4th Duke greatly enlarged the family palace. It was a
quadrangle with a court in the centre and an entrance in the middle of the
south side. The north and south ranges were three storeys high and the
other two ranges four storeys high. It had a bowling alley and a covered
tennis court. The Duke is said to have boasted that ‘his estate was worth
little less than the whole realm of Scotland, in the ill state to which the wars
reduced it; and that when he was in his own tennis court at Norwich, he
thought himself as great as a king’.

The sixth Duke also spent a lot of money on the Palace. It was during
this rebuilding that Charles Il stayed there in 1671 as the guest of Lord
Henry Howard the duke's brother (the duke himself was insane and lived in
retirement in Padua). The tennis court was turned into a kitchen and the
bowling alley into five separate dining rooms. There is no known list of the
people the king brought with him but the queen's retinue comprised 55
people from her Lord Chamberlain to the laundry maid.

The Duke's Palace was the largest private house in the city. In the
Hearth tax returns of 1666 it was assessed at £2-10shillings, which equates
fo 50 hearths. The visitors to Norwich, John Evelyn, Thomas Baskerville and
Celia Fiennes all comment on it, Baskerville the most critically. He thought it
was ‘seated in a dunghole place and that ‘though it has cost the Duke
already £30,000 in building ... hath but little room for garden and is pent on
all sides both on this and the other side of the river with tradesmen's and
dyer’'s houses'.

The connection of the Dukes of Norfolk with the city came to a
dramatic end. In 1710 the mayor Thomas Havers refused to allow the Duke
to enter the city in procession with his private Company of Comedians
sounding trumpets and flying banners. Havers may have feared a Jacobite
riot (the Dukes were Roman Catholics).

The Duke demolished most of his Palace the following year, letting one wing
to the Guardians of the Poor who used it as a workhouse. The Roman
Catholic chapel survived until the 1960s when it was being used as a billiard
room—it was pulled down to make way for a multi-storey car park."

The plan of the Palace at its height and other drawings etc are included in Appendix
2

Between 1855 and around 1896 the Dukes Palace site was occupied by Riches and
Watts operating from the Duke's Palace Ironworks. They produced steam, brewery,
milling and agricultural equipment and with four patents being traced to the partners,
it was obviously an important concern. By 1892 however, they had sold the site to
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the local electricity undertaking for use as a power station, but were thought to have
remained tenants on the site for a period.

It was on March 19th 1892 that the Board of the Norwich Electricity Company
authorised the purchase of the Duke's Palace Ironworks from Messrs. Riches and
Watts for the sum of £5,100. The site was chosen because it was both conveniently
situated near the centre of the electrical load and also on the river so that the
engines to be installed could be run in condensing mode at all times making them
more efficient. There was also adequate room for expansion.

The design scheme for the new station and the direct current mains (used in early
power distribution systems) were prepared by Mr Scott of Messrs. Laurence and
Scott. Scott was also employed to purchase the materials and supervise the laying
of the mains which consisted of standard sanitary drain pipes with a vitreous
porcelain insulator cemented into nicks in the socket end of every other pipe. Extra
copper strips could be pulled into the culverts should the load require it. The
average cost of laying the mains worked out at 9 shillings 9 pence per yard. As the
station only occupied about one third of Duke's Palace Ironworks this allowed
Messrs. Riches and Watts to be retained as tenants.

The Duke Street power station remained Norwich's main power house for 25 years,
but was gradually made redundant by the development of a power station at
Thorpe. The final phase of its development was completed in 1936 when generation
ceased at Duke Street, though AC/DC converters where operational on the site until
the 1960's. During this period (i.e. the late 1930s) the main offices which currently
occupy the site were built.

These buildings had a pioneering role in energy efficiency during the Second World
War by being heated by the first commercial heat pump installed in the UK utilising
low grade heat from the adjacent river. The well document installation which was
conceived and engineered by the Chief City Electrical Engineer, John Sumner,
worked effectively and was in operation until just after nationalisation in the late
1940s. Its removal was stimulated by two main factors, firstly the change in the
philosophy adopted by the newly nationalised utility, to the promotion of energy use
rather than saving it. Secondly the fact that because the choice of materials
available in war time Britain were limited, rather rapid corrosion was occurring in the
installation.

Comments from those still alive who witnessed its operation reported that during its
operation for demonstration purposes those working in the offices "were often
slightly cooked". In latter years of its operation, the smell of sulphur dioxide, the
only refrigerant available in the war, could be smelt as you approached the office
along Duke Street.

This pioneering Heat Pump work was written up in the Institution of Mechanical
Engineers Journal in 1948.

The office buildings at 4 Duke Street remained connected to the electricity supply

undertakings in Norwich until the year 2000 when the site was sold to the present
owners for development.
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C) PURPOSE OF STUDY
i) Aims and Objectives of the Feasibility Study

To address the technical possibilities for a low carbon emission conversion the
original aims of this feasibility study may be listed as:

e To assess the suitability of the following technical possibilities .

1. The use of ground source heat pumps with a heat source as the river
Wensum (thereby replicating the original 1940's heat pump),

2. the provision of individual heat pumps for individual heating control for each
residential unit.

3.  the configuration of the individual heat pumps utilising separate ground
loops/coils- i.e. as a piggy back system to a main heat pump providing
background heating using the river as the heat source.

4.  the use of Gyvlon screed which has a lower thermal mass than traditional
sand and cement screed, and also a higher conductivity: Such a screed
would be more responsive as an under floor heating medium.

5.  The provision of general background heating for communal areas and low
level heating in residential units.

6. the possible provision of MVHR units (Whole House Heat Recovery Units)
using novel heat pump technology to provide a particularly efficient
recovery.

As the study developed, and following discussions with Highcourt Developments, the
assessment outlined in 2 above was extended to cover more communal options for heating
the flats.

to explore the concept of optional additional energy conservation packages - e.g. improved
insulation, photovoltaics, summertime fabric cooling via the heat pumps.

to explore how such options might be funded; e.g. by an additional capital cost option or via
the Energy Service Company concept.

to explore the financial models for the development and in conjunction with the proposed
adjacent commercial development and compare the cost differential with traditional
provision of heating/lighting - (such consideration will also examine the offset costs - e.g. of
not reinforcing the gas main provision, or providing 107 gas flues.)

to explore how the unique historic link of the building to energy conservation might be
exploited.

to appraise the possibility of linking the generation of electricity needed for the heat
pump(s) with a bio-diesel powered CHP in the adjacent commercial complex and thereby
reduce carbon emissions still further.

to disseminate the information gained to the wider community.

14



ii) Design of the Feasibility Study

To achieve the aims summarised above, seven areas of investigation were considered
necessary. The majority relate to the specific residential complex, while two were to
consider the links to the adjoining commercial complex to be developed at the same time.

1. Improved Insulation Standards and Heat Emitting Technology of the
Residential Section.

Traditional systems use water radiators as heat emitters - this type of system forms
the base case for comparison of the improvements proposed in this report. The
proposed alternative, under floor heating, includes additional floor insulation.

Incorporating the under floor heating into a calcium sulphate floor screed has
several advantages:-

i) the material has a noticeably lower embodied energy content than the
equivalent traditional cement based process.

i)  the large surface area of heating allows lower emitter temperatures,
which improves the coefficient of performance of the heat pump.

iii)  a more uniform heating regime is obtained allowing an improvement
in the perception of thermal comfort.

iv)  unlike traditional heat emitters, no space is taken giving greater utility
of space to the user. (See Appendix 6 which discusses these benefits
more fully).

Under floor heating is normally operated at much lower temperatures than a
conventional radiator system, and at such temperatures, the coefficient of
performance of heat pumps can be high. The integration of heat pump technology
with under floor is thus a logical step towards an energy efficient and low carbon
emission heating system.

Traditionally builders use the cheapest material they can obtain to meet current
standards, but often, if fitting costs are factored in then it is not such a clear-cut case
given the non linear increase in "U" value as the thickness increases. Quality and
effectiveness of the material itself also play a part. The original aim of the study
also included the possible consideration of "bio" based insulation methods and
would have involved a study of the whole life cost & embodied energy issues.
However, as a result of planning uncertainties which may or may not have led to a
partial or complete demolition of part or all of the site, further consideration of
insulation materials specific to this site at this point in time were not appropriate.
However, the sourcing of materials for construction is important. The planned use
of low thermal mass calcium sulphate screed would have an additional advantage in
that it is currently a waste bi-product produced in the flue gas de-suphurisation units
on some large power stations and in a number of chemical manufacturing
processes

Other techniques for improving the thermal insulation standards to be investigated
were the design and construction of the window units, which could be used to
improve the look of the fenestration, an important feature when converting offices
into homes.  However, with uncertainties over the planning process explained
above, it was not possible to explore this aspect further.
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2. Common Areas of Residential Complex (corridors, etc)

Regardless of how the individual flats are to be heated, provision of heat is needed
for communal areas of the buildings including corridors, stair-wells etc. The
feasibility study explored the utilisation of a central heat pump to supply heating for
these areas. This would be the direct equivalent of a central gas boiler plant which
would be needed in the base case to achieve the same goals.

In the existing building at a location immediately adjacent to the site of the original
heat pump, there are two very large cylinders which were used as part of the
electric heating of the building. These operated as a large thermal store allowing
off peak electricity over night to store heat in the tanks for use later in the following
day. The study also considered the possibility of these vessels into the heat pump
schemes. If this proved possible it would result in a saving as they would provide a
useful buffer store for use with the heat pumps and also avoid the not insubstantial
cost of removing them. In the scheme adopted as the base case — i.e. using
individual domestic heating boilers in each flat, these tanks would be removed.
There is a question, however, about the current integrity of these tanks as to their
possible retained use.

Without a detailed survey of the tanks it is not possible to state whether it would be
possible to incorporate them in the refurbishment. If the tanks can be guaranteed
to have a reasonable life, then any communal heat pump option could be run with a
much higher percentage of off-peak electricity.  This will improve the financial
viability of such options as would the avoidance of the removal costs. However, as
the condition of the tank is unknown, it will be assumed that the tanks are removed
in the communal heat pump scheme. Removal will be needed in the base gas
condensing boiler case, and so disregarding the advantages of using these tanks
this will be a pessimistic assumption when considering the heat pump schemes.

The use of these tanks in the individual heat pump option would be less attractive,
firstly as the proportion of off peak tariff that could be used is much less. While the
tanks might be used as an additional heat store, it is far from clear that this would
provide much benefit to the overall performance in the individual heat pump
schemes.

3. Individual Flat Heating options

Utilising innovative technologies does present new challenges to designers as far as
the selection of heating system, its controls together with the means by which
energy use is accounted for and purchased.

At the outset of the study the aim had been to explore individual flat based heat
pumps which might, or might not, operate from a central main which itself was partly
heated by a communal heat pump. As the project developed, several communal
heating options and two control options (i.e. with and with heat recovery) were
explored and these were further refined to the three main options with variations as
outlined in Table 3.1

The main issues which had to be resolved were whether it was economic in
monetary and emissions terms to:-
a) provide each flat with a heating system which replicated the
standards and functionality of a standard gas system, leaving the
communal areas to be handled by central plant as described above.
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or

b) provide heating for the flats from a central heating plant with the
occupiers of the flats being metered on the heat they used within
their own property. The ownership and responsibilities for the
heating equipment would need to be considered in this case.

Using a central heat pump to supply heating for the communal areas of the
buildings would replicate the original 1940's configuration. However, two options
emerged:

a) the central heat pump could provide background heating in all areas including
the flats with secondary individual heat pumps “piggy backing on the first to
provide top up heating in the flats.

b) the central heat pump could provide all the space heating requirements for the
communal areas and the flats.

In both these options, ownership and charging issues would have to be considered
carefully.

A potential problem with option (a) is that there is a minimum size for heat pump
manufacture, and thus individual heat pumps would be probably over-sized for the
task. This would lead to unnecessary extra capital cost and also a possible
reduction in efficiency.

Several options for hot water supply are available:

a) Use the communal heating main to pre-heat incoming cold water with a top
up to required operating temperature using:-

i. electrical resistive heating
ii. small heat pumps

b) Utilising high grade waste heat from the adjoining CHP plant on the
commercial site. Such CHP schemes are dictated in output by the summer
heating load, and supplying heat via this means could enhance the operation
characteristics of the CHP unit while providing the hot water requirements for
the residential unit for no added energy input.

As with the “piggy-back” configuration for space heating, the top up heat pumps for
individual flats may be too small to be cost effective.
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Description of Option Option Temp. of |Services being Supplied Special Features Energy
Codes | distribution measurement
main
Distributed system with heat pumps in each flat From individual heat pumps in flat a) Fabric cooling From electricity
supplied with low grade heat from the distribution 1 o a) space heating b) Possibility of integrating solar  [supply meter.
main. The low grade heat being extracted from 5-10°C b) water heating using heat exchanger in hot water on top two floors.
a) the river through a flat plate heat pressurised hot water cylinder
exchanger and c) heat recovery feeding back into central Heating of
b) from the piles via a pipe loop low temperature main communal areas to
1R d) fabric cooling be included in
Any heat recovery being done in individual flats (heat From heat pumps installed at suitable points management
recovery in communal areas charges
option) Heating to communal areas
Central heat pumps supplying each flat with From distribution main to flats a) Possibility of integrating solar  |Heat meters in flats
heating and hot water via distribution main. The 2 o a) space heating collectors on roof using either
low grade heat being extracted from 55°C b) full hot water heating a heat exchanger or heat
a) the river through a flat plate heat c) heating for communal areas pump to transfer heat to
exchanger and distribution main.
b) from the piles via a pipe loop b) Option lends itself to energy Charges for
2R service operation communal heating
Heat recovery being from central extract ducts to (heat To recovery main can be apportioned
a “cool water (~15 — 20°C)” heat recovery main. | recovery Surplus heat recovered from extract air by utilising heat
option) meters
Central heat pumps supplying each flat with a) Possibility of integrating solar  |Heat meters in flats
heating via distribution main. The low grade heat o From distribution main to flats collectors on roof using either
being extracted from 35-45°C a) space heating a heat exchanger or heat
a) the river through a flat plate heat b) partial hot water heating pump to transfer heat to
exchanger and c) heating for communal areas distribution main.
b) from the piles via a pipe loop b) Option lends itself to energy
Top up hot water heating from Top up hot water provided by service operation
a) electrical resistive heating 3E a) electric resistive heating Charges for
b) small heat pumps operating from Or communal heating
distribution main 3H b) Small communal heat pumps providing can be apportioned
top up in dual circuit hot water cylinders by utilising heat
Heat recovery being from central extract ducts to meters
a “cool water” heat recovery main. Top up hot
water heating from To recovery main
c) electrical resistive heating 3ER Surplus heat recovered from extract air
d) small heat pumps operating from
distribution main 3HR1
e) small heat pumps operating from heat
recovery main 3HR2

TABLE 3.1: Summary of the different options considered in the Feasibility Study.




4. Commercial Aspects of Complex

The aim of the original study focused on the conversion of office space into residential
accommodation. However, some consideration of the adjacent, but separate commercial
development on the adjoining site was needed. There was the possibility to integrate this
into the feasibility study to ensure that the highest level of carbon emission savings for the
whole site could be achieved. Initially there was consideration of the use of a bio-diesel
power CHP unit on the commercial site, which would thus provide electricity for the whole
site which was nearly carbon neutral for the heat pumps in the residential complex.

However, while it is planned that the residential development in one form or another will
proceed, doubts over the viability of the commercial complex, and hence the hotel
development became apparent shortly after the launch of the project. While a review of the
issue of using CHP was considered, there were many practical difficulties associated with
the summertime heat load that precluded further consideration. A technical discussion of
these issues is included in Section e.i.2 below

5. Whole site energy supplies

The study looked at the option of establishing an Energy Services Company to manage the
energy utilisation, equipment infrastructure and be ultimately responsible for the settlement
of accounts for external supplies of fuel and energy to the overall complex.

6. Options for Purchasers Energy Saving Packages

The developer wished to investigate the novel approach of offering some additional energy
saving features to their purchasers and tenants as options at an extra cost: such options
include:

The provision of enhanced external insulation for walls/ windows.

The provision of Photo-Voltaic cells to produce electricity.

Whole flat or building heat recovery systems.

Fabric cooling options for individual units using heat pumps (rather than the
provision of more energy wasteful traditional air-conditioning). Such a
scheme could also provide accelerated ground heat recharge which could
benefit performance in the following winter.

cooTd

Part of the feasibility study aimed to assess the additional value that could be placed on
these optional additional renewable energy and energy conservation options. Such
investigation would have an important impact on the more widespread use of optional
packages elsewhere.

7. Exploiting the Historic Links & Disseminating the results of the Study

Exploiting the unique historical links of this project with the very first UK heat pump will be
important in promoting energy conservation using such technology elsewhere in the UK.
The .m project which was launched in May 2003 is already nationally known and
receiving increasing international recognition. It is based in the internationally renowned
School of Environmental Sciences which has the highest 5** Research rating. The results
from this project will form part 's knowledge base. The results will be made
available to other groups via the [#§fels| Website and via publication in relevant journals.

Whatever final method of heating is envisaged, it will be important to ensure that the
performance of the building is monitored both from the whole building and also for energy
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use in the individual units. As part of the sale processes, purchasers will be asked to sign
declarations that information on their energy consumption from the energy bills can be
accessed - either from the occupiers themselves or from the utility companies. The
project has experience of monitoring the performance of energy projects, and is monitoring
the energy performance of 50 households who have recently had solar hot water heaters
installed. Experience gained from that project will be used to design the monitoring
program of the project once construction of the scheme begins.

d) ROLE OF PARTNERS IN THE FEASIBILITY STUDY

Partner organisations

Team, University
of East Anglia

Role within project

Lead Consultants: Overall Co-ordination: Examination of alternative energy
strategies, carbon emission assessments: support of [T eam.

RN:PS Energy Link

Project Manager for Feasibility Study:
(contact person: Richard Nunn: 01603 700999)

Eastern Heat Pumps
Ltd

Renewable Energy Consultants providing overview expertise on integrated
design and installation.
(contact person: Nic Wincott — Commercial Director: 01603 277040)

Norwich City Council

Active Supporter of the - Project is an integral part of the Authorities Climate
Change Strategy & promotion of the historic links with the site would benefit the
wider City Agenda. (contact Stuart Orrin: 01603 212530)

Targetfollow Group
(managing
development for High
Court Ltd)

Developer of site
To provide data provision from Architects, Mechanical and Electrical Consultants
etc. (contact Ken McDougall 01603-767616 )

Rehau (Equipment
Supplier)

Under-floor Heating Design & Equipment Specification.

(contact person: Lawrence Chownsmith — Divisional Sales Manager 01753
588500). While it was intended that Rehau would be involved to a greater
extent, the variations in the options chosen, and particularly the communal
schemes, meant there was less opportunity for their involvement in the actual
configurations chosen

Uponor (Equipment
Supplier)

Heating Design & Equipment Specification (Heat Pumps)
(contact person Brian Winter — Sales Director 01455 550355)

Lafarge (Materials
Supplier)

Floor Screed System Design Advice
(contact person Darren Williams — Product Manager — Agilia 01909 537923)

Powergen

Advice on Energy Supply & Energy Efficiency Advice.
(contact person: Julie Thurston: 01473 554478)

Registered Social
Landlord

Yet to be appointed by the developer

NOTE:

During the execution of the feasibility study, through their association with Eastern Heat
Pumps and Uponor a further company, Water Furnace, became extensively involved,
particularly in the final design of the heat pump configurations. We are grateful for their
support, knowledge and enthusiasm
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e) PROGRAMME OF WORK/METHODOLOGY
i) OPTIONS FOR ENERGY PROVISION AT THE SITE.

1 Introduction

The Duke Street building differs from the original 1930s building, which was heated by the
Sumner heat pump in the mid 1940s.  Significant extensions along Duke Street were built
and as recently as the mid 1980s, the meter house warehouse was built. All of these
buildings are the subject of this present investigation, and an increased space heating
demand would thus be expected. In addition, the future use involves a conversion from
office accommodation to residential, and the different temperature requirements which
would normally see an increased requirement of energy for space heating. On the other
hand, the refurbishment would follow the current building (ADL1 2002) regulations which
clearly specify much improved thermal efficiency of the fabric components, although it is
questionable whether there could be any reduction from heat losses through ventilation,
and indeed the opposite may be the case. Hot water requirements are also likely to be
much higher than in the former office accommodation.

There are several different space and hot water heating options which may be explored in a
study of the refurbishment, and the purpose of this section is to narrow down these choices,
but demonstrate that others have been considered. These choices have been summarised
in Table 3.1. Towards the end of this section, the chosen options will be discussed in detail
as will some alternative variations of the schemes.

In the late 1930s, the then new building, was originally heated by coal and details of fuel
consumption were reported by Sumner (1948). Coal is not an option to be considered not
least because of the very high carbon dioxide emission per unit of useful heat energy
produced. Before the closure of the building as the Eastern Electricity Offices in 2000, the
building was heated using direct-acting electric boilers. The system also included two very
large thermal stores. Conventional electric space heating in any form (i.e. electric boiler,
storage heating, under floor or ceiling electric resistive heating) is also unacceptable
because of the large inefficiencies in the generation of electricity. In addition, there are not
insignificant transmission losses, and the much higher carbon dioxide emission factor per
unit of useful energy than for gas.

The use of oil as a fuel is inappropriate in this city centre site. A large oil tanker would
have to negotiate the narrow city centre streets once a week in winter and a large oil
storage tank would be needed. In addition, oil is only marginally better than coal with
regards to emissions of carbon dioxide. Options for using biomass, other than biodiesel for
a CHP scheme, are not viable on the cramped city centre site. Other forms of biomass
would require significant storage and full time manning of the plant.

The options that remain and which are viable with current technology are:-
i).  Combined heat and power using gas as the fuel source (oil is ruled out for
the reasons above).
ii).  Direct gas heating
ii). Heat Pumps

A discussion now follows on the above possibilities to provide a background to the schemes
chosen for detailed investigation

2. Combined Heat and Power

While gas fired CHP is certainly a possibility, there are particular problems with such a
scheme if there is not a sufficient heat load during the summer months. While impressive
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overall efficiencies are achievable in winter when most/all of the reject heat may be used, it
is the summer heat requirements which usually dictate the size of the plant. Where there
is an industrial or commercial summer load, this is not a significant issue, but it will become
critical in a purely residential complex as the only heat load will be that of hot water. While
heat dump fans can be incorporated into a CHP plant to reject waste heat in summer, there
is a limit to how much can be ejected in this manner, and this can seriously affect and limit
the generation of electricity in the warmer weather. It is normal practice in such situations
to optimise the design of CHP plants based around the summer heat load (with a small
allowance for heat dumping). However, in the winter, the heat demand is then usually
likely to exceed the exhaust heat from the CHP unit and top up boilers would be needed
increasing the capital costs of the scheme. This reduces the overall energy effectiveness
of such a scheme.

An example of the issues facing CHP generation arises at the nearby University of East
Anglia which installed 3 x 1 MW CHP units which provide 3 MW of electricity or about 70%
of the peak electricity demand in winter. A significant proportion of the heating is provided
from the CHP units, the remainder coming from top up boilers. Paradoxically, the peak
import of electricity comes at the time when the demand is least because of the problem of
rejecting heat in the summer. At the time of preparation of this report, the University has
started to install an adsorption chiller which will utilise waste heat from the CHP units in
summer to provide chilling for scientific equipment. This will not only increase the amount
of electricity which can be generated in summer, but significantly reduce the electrical
energy used in chilling and is thus a particularly effective win-win situation.

A CHP unit of the likely size required for the Duke Street site would be of the reciprocating
type and will typically reject heat at three stages

i). Lubrication coolers
ii).  Jacket cooling water
iii).  Exhaust gas heat extraction

It is the last of these which can cause the greatest problem for heat rejection in summer.

In the original plan for this study it was intended to explore the possibility of linking the heat
pump scheme with CHP developed on the adjoining commercial site which would provide
electricity for both sites. At that time, the development of the adjoining site included
provision for a hotel complex located south of the residential complex. However, as the
study progressed, there was a strong likelihood that the plans for the commercial
development would be shelved, and this would seriously affect the viability of the CHP plant
on the site.

As the hotel development would probably have included the requirement for cooling in the
summer, it would have made sense to incorporate an adsorption chiller to utilise the waste
heat from the CHP plant in summer. This would have made such a scheme viable.

Where CHP schemes have sometimes been viable — e.g. in Southampton, existing boilers
in nearby properties have been incorporated into the scheme making the whole an effective
combination for CHP. While there are nearby properties to the Duke Street site, and also
other nearby developments which could potentially provide a more integrated system, the
time scale and resources available for this study prevented a fuller exploration of this
aspect. The possible integration of neighbouring sites into neighbourhood CHP schemes is
something that Norwich City Council should explore in future plans for the city.

In recent months, there has been a question mark hanging over the viability of small (<1

MW) CHP schemes. The introduction of the New Electricity trading Arrangements on 27"
March 2001 have had an adverse effect of the viability of such schemes. The Government

22



target is to have 10 000MW available by 2010. In 2000, the target was for 5000 MW, and
yet in 2004 only 4879MW has been installed and in the last 12 months 35 more CHP
schemes closed compared to those which opened (Financial Times, 4" August 2004).

3. Gas Space and Water Heating

The normal method of space and water heating in a complex like this would be the
installation of individual gas condensing boilers. While such condensing boilers are
significantly more efficient than the non-condensing varieties, improved use of resources
can be achieved if heat pumps are used. = The gas condensing boiler option will form the
base case against which all other heating strategies will be compared.

Critical aspects of this comparison are:-

i). increased/reduced capital costs of any alternatives,

ii). improved environmental performance of any alternative in terms of
conservation of resources and minimising environmental degradation
through the emission of carbon dioxide and other gases,

iii). the control of heating by the individual occupiers,

iv). relative maintenance costs.

While the gas condensing boiler options is well established, there are some disadvantages
with this option other than the direct environmental ones of resource conservation and
emission reduction. In particular, there are several important disadvantages.

i). as there is presently no gas in the building a reinforcement of the gas supply
main would be needed,

ii). exhaust gas vents are needed for each individual boiler and if these are
through the external wall, the visible pluming associated with 107 individual
condensing boilers would create a major visual impact on the facades of the
building. Alternatively exhaust ducting would be required from each flat to

the roof.
iii). there needs to be provision for condensate drains from each boiler.
iv). separate provision must be made for heating the communal areas, this will

require either a central boiler for all communal areas, or perhaps individual
ones for each separate floor,

V). the conventional approach with central heating boilers is to use wall
mounted radiators, and these take up valuable wall space.

In the building under study, there is also the possibility of including a centralised boiler plant
with heat distributed throughout. However, this option was not considered even though
this option would automatically provide heating in the communal areas. The main reasons
for this are:-

i). a much increased number of hot water distribution pipes will be needed
comparable with the provision of water pipes in the heat pump option, and
this would significantly increase the capital costs of the distribution of heat
with minimal additional environmental benéefit,

ii). unless individual heat metering for each flat is provided there will be little
incentive for occupiers to conserve energy as they will have little incentive to
control over their space and hot water heating requirements. Individual
heat metering is expensive around £350 - £430 per flat, and there would
have to be gains elsewhere to make this option viable.
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4. Heat Pump Options for Space and Hot Water Heating

With the history of this particular building and its ideal site adjacent to the River Wensum it
is important to consider options for providing the heating by use of heat pumps. The
technology, installation design and control of heat pumps has advanced considerably since
the pioneering work of John Sumner, and it is important to explore these as an effective
method to conserve resources and reduce environmental emissions. The principles of
heat pump operation have been known for over a hundred and fifty years when Lord Kelvin
suggested that the refrigeration cycle could be used for heating as well as cooling.
Nowadays, heat pumps are readily available in a variety of sizes ranging from the individual
single dwelling appliance to large heat pumps with output of 150 kW or more.

As the use of heat pumps in the refurbishment of the Duke Street building would not
normally be considered, it is important to explore several different methods whereby heat
pumps may be used in such a building. The key different aspects are:

i) the heat source,

i) the options of a distributed or communal systems,

iii) the provision of hot water,

iv) the provision of heat recovery.

4.1. Heat sources for the heat pumps

Any low-grade temperature heat source may be used for the heat input to the
evaporator of a heat pump. The original 1940's heat pump used only the river as
the heat source, but that was for heating a smaller complex than the present
refurbishment entails. On the other hand, the river water temperature and the high
specific heat of water makes it an ideal source medium for a heat pump.

The ground itself may be used as a heat source with coils of pipe arranged either in
a horizontal array or as vertical ground probes. In the proposed development, there
is a requirement for piling as the south side of the building will be extended to
incorporate both north and south facing flats on each floor level. A total of 70 piles
in one group of 50 piles and second group of 20 are proposed for the development.
This provides the opportunity to install ground loops for heat extraction in some or
all of the piles without the need for additional drilling.  This is now an established
technology and installation costs are in the range £20 - £30 per metre.

The normal design for heat extraction from the soil was assumed as 109 W per
metre (advice from Water Furnace). Twenty five piles, each of 30m length would
provide the planned 50% of the heat even in peak demand conditions. Thus just
over one third of the piles would have heat extraction ground loops inserted.

Despite the increased capital costs of installing the ground loops, the use of a
combination of the two heat sources has significant advantages:-

It reduces the flow rates of water extracted from the river, and this might be
important at times of peak heat demand occurring when the river temperatures are
low. If ground coils are not used, high extraction flow rates might be needed for
short periods to avoid freezing of the effluent water from the evaporator.

The ground coils may be use as a store of heat derived from heat recovery whereas
the river cannot. If the ground in the locality of the coils is water bearing sands or
gravel which have a high hydraulic conductivity to the river, then heat storage is less
viable. However, in the most likely scenario before site investigation has been
completed, the hydraulic conductivity of the in situ soil/clay will be low to very low
making such an option attractive. At this stage it is not possible to design on the
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assumption of a sizeable heat store, but if this turns out to be the case this will be
an attractive bonus with improved savings in running costs, energy resources and
also environmental emissions.

A heat extraction schematic for the option with individual heat pumps in each flat is
shown in the Appendix 5 (Option 1). In normal operation, pipes from the building
pass water through the ground coils first and then through a heat exchanger to pick
up further heat from the river. Whether a single group of communal heat pumps or
individual heat pumps are used in each flat, the same basic heat extraction scheme
would be used. The water from the ground and/or river would enter the
evaporator(s) of the heat pump(s) before returning through the ground loops to pick
up more heat. If the demand for heat is less than that available from the ground
coils, and provided that the temperature of the ground is above that in the river, the
river extraction scheme would be switched off. Water returning from the ground
loops would pass directly through the river heat exchanger without picking up further
heat before entering the evaporator(s). Any heat recovered from within the building
and not used directly would be transmitted via the water flowing from the building to
the ground coils.

If a fabric cooling option is adopted (which is possible if individual heat pumps for
each flat are considered) chilled water is used in summer to pre-cool the building,
and the reject heat can be stored in the ground around the coils until needed later in
the year. Since the temperature in the ground would now be warmer than normal,
improved performance of the heat pumps would result.

A further heat source, which needs consideration, is the exhaust ventilation. Space
heating requirements are now dominated by ventilation requirements, and any heat
recovery from ventilation will be beneficial to the operation of the heat pumps. This
is discussed further in section 4.4.

Some structural engineers have expressed disquiet about combining heat extraction
or dumping coils within the piling of a building. Their concerns stem from anxiety
over frost heave often associated with regions of the world where permafrost has
been allowed to thaw in the summer. However, the practice of incorporating heat
extraction/dumping coils into piles is common practice in other countries with a
similar climate to the UK (such as America and Germany). In any case, in the
option provided for this site, not only are there more piles than required for heat
extraction even in the worst case situation in the depth of winter, but the possibility
of using the river means that simple monitoring will ensure that the temperature
range in the piles does not become excessive. The flow of water extracted from the
river can be increased at critical times of the year if necessary.

The Environment Agency were contacted regarding the temperature range and
volumes of water extracted from the river. In a telephone conversation (by N.K.
Tovey to the Ipswich Office in February 2004) they had no objection to such a
scheme but reserved the right to comment on the final scheme when this is finalised
and the actual civil engineering works designed.

The Spreadsheet developed for the project allowed the proportion of heat to be
extract from the river and the ground coils to be varied from 100% to 0% from the
river. In the case of the ground coils, a total of 70 ground coil locations are possible,
but the software allows any number less than this to be modelled. A check is also
made to ensure that the amount of heat extracted from the ground coils did not
exceed the heat flow capabilities of the soil.

The total projected heat loss under design conditions is 484 kW, while the maximum
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heat available if all ground coils were installed would be 686 kW (i.e. more than
sufficient to meet peak demand). The configuration considered allows for
approximately equal proportions of heat to be extracted from the river and the
ground coils. In this configuration only 25 ground loops are needed and this will
minimise any possible excessive temperature variations in the ground which might
cause concern for structural engineers. While it is true that the heat demand could
be satisfied solely by the ground coils or the river alone, retaining both options does
help to optimise design and also provides a degree of inter-season heat store. On
the other hand providing both heat recovery systems will increase capital costs.

4.2. The options of a distributed or communal system

Two fundamentally different heat pump schemes for providing space heating have
been considered:-

i). the distributed heat pump option,
ii). the communal heat pump option.

i). the distributed heat pump option

In the distributed heat pump option, water which has passed through the ground
coils and the river heat exchanger is circulated around the building. Even though
the temperature will be cooler than the surrounding building, insulation will be
required otherwise condensation may become a serious issue.

At each apartment there will be a connection to the flow and return and this will
provide the heat source for the evaporator for the individual heat pump located in
each flat.  Energy used by each flat would be monitored using normal electricity
meters which may be on an economy 7 tariff or other suitable tariff for 24 heating.
The heat circulating through the condenser would pass to a manifold which would
distribute the heat to an under floor heating arrangement of pipes. A separate take
off, possibly via the “de-superheater” would provide hot water for the flat via a
normal domestic hot water cylinder. A cylinder is important in this configuration to
ensure there is an adequate supply of hot water. If a dual coil cylinder is installed
at the time of refurbishment, this would provide a convenient route to upgrade to
solar hot water heating at a later date. The option for partial solar water heating is
only practical with the individual flat heat pump option.

The individual heat pumps circuits would include two fan coils, one which would
extract exhaust ventilation heat and return it to the return communal main. The
second would provide a boost to heat incoming air from the central air ducts.

An advantage of the distributed system would be the provision of a fabric cooling
option. This can be achieved by using the heat pump to cool the under floor pipes
rather than heat them. Any recovered heat from this process would be fed to the
return side of communal main and could potentially be stored in the ground for later
use.

The communal areas of the building will each need to have their own separate

supply of heat, either by a single heat pump for the whole building or individual ones
for each floor. The latter option is preferred as this involves less pipe work.

ii). the communal heat pump option.

The communal heat pump option would incorporate a bank of high capacity heat
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pumps connected in parallel and situated on the ground floor close to the river water
heat exchanger. There are likely to be up to 5 such heat pumps but only in peak
times would all pumps be required. A communal main from the heat pump
condenser would circulate around the building at a suitable temperature to supply
the under floor heating. The temperature of the water in the flow and return pipes is
important.  The lower it is the higher the coefficient of performance of the heat
pump and the greater the energy and emission savings. On the other hand, if the
water temperature is too low, there are issues on how the domestic hot water can
be supplied as discussed in the next section.

The supply of heat to each flat would be via ‘T'-pieces on the primary communal
main from where the water would pass through a heat meter and to the hot water
heat exchanger (see next section) and the manifold to the under floor heating. As
with the distributed system, a boost fan coil would heat any incoming air from the
ventilation ducts.

Unlike the situation with the distributed heat pumps in each flat, any heat recovered
cannot be returned to the primary main as the temperature of the exhaust air will
normally be below the return main temperature.  An alternative approach for heat
recovery can be achieved from the exhaust ducts which will be needed in all flats.
Suitably located fan coils in the communal areas would transfer the exhaust heat to
the recovery main which would then circulate the heat back to the main heat pumps.
An option of using air-to water heat pumps which extracted heat from the exhaust
air and pumped it into the primary water main was considered, but was
subsequently rejected on the advice of Water Furnace. They considered that such
an option might present unnecessary practical problems of balancing etc and was
outside their normal experience. However, theoretically this could result in greater
proportions of heat being recovered.

The communal heat pump with heat recovery option would require additional pipe
work to the distributed system as there would be the need for a recovery main
throughout the building. However, since the heat transfer requirements are likely to
be 50% of those of the primary main less overall pipe work and fittings would be
needed.

With a communal heat pump scheme, the water passing through the communal
areas is of sufficient temperature to provide under floor heating in those areas.
This thus obviates the need for separate heat pumps to provide heat for such areas.

4.3 The provision of Hot Water

There are regulations regarding the supply of domestic hot water. Two conflicting
requirements must be met. On the one hand there are requirements regarding the
maximum temperatures for different activities (e.g. 46°C for baths), but on the other
hand, there is the requirement to avoid the risk of Legionnaires Bacteria which thrive
at water temperatures between 20°C and about 55°C. Indeed in the UK, the
recommendation is that water storage is above 55°C, and preferably above 60°C.
This presents a potential problem for heat pump operation in a communal main
scheme. Because of the diversity of requirements in the different flats, the
temperature of the main would have to be around 55 - 60°C all the time to be
capable of providing hot water as an when it is needed. At 60°C, the coefficient of
performance (COP) is low making the heat pump operation much less attractive. In
the distributed flat option, the individual heat pump can temporarily run at a lower
COP during hot water demand, reverting to more normal operating temperatures
and COPs once the demand has reduced.
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In Germany it is believed that operation of hot water systems are permitted at
around 45°C (i.e. the maximum temperature permitted for baths) provided that there
are periodic "Hot Days" when the water in storage is held above 60°C for 12 hours.
These "Hot Days" are typically 7 — 10 days apart, and the boost is mostly provided
by off peak electric resistive heating. There appears to be nothing in the literature
about this opportunity in the UK, nor does it yet appear to be permitted as far as can
be ascertained in the Building Regulations, however, it is an option worth further
investigation.

As indicated above, hot water provision with a distributed system presents few
problems. However, some thought is needed for provision with the communal
based system.

The simplest approach would be to run the central main at a temperature sufficiently
hot to cope with hot water demand, but this is unlikely to be efficient energetically.
The second option is to run the central main at a temperature which is optimum for
the under floor heat and at the same time provide heating to this temperature via a
cylinder in each flat. The water temperature would then be boosted to the required
level using a direct acting electric heater. Though low temperature heating using
electricity is inefficient, the temperature through which the water must be raised is
small and this may be much less than the loss of energy incurred with an over high
central main. This aspect is explored further in the analysis section. Using this
option, there is no need to monitor the heat flow for domestic hot water
requirements, as individual flat energy use will automatically record on the electricity
meter.

A better solution energetically, and also in terms of the carbon dioxide emissions
would be to have a “piggy-back” heat pump arrangement. The auxiliary heat
pumps would operate with the evaporator connected between the flow and return
pipes and the condenser at a temperature to provide hot water at the specified
temperature. Because the temperature difference between the circulating main and
the hot water temperature is relatively small, high coefficients of performance are
possible. However, the sizing of available heat pumps is such that even the
smallest could supply all the boost hot water requirements for a complete floor. The
sensible arrangement in this option is to have six local auxiliary heat pumps, one
located for each floor which would boost the temperature of the hot water for a
group of flats.

Two versions of this need consideration. In the first the hot water is piped to
individual dual coil cylinders in each flat. The coil at the base would be connected
to the space heating supply and provide hot water to the temperature of the under
floor heating main. The upper coil would provide the boost to the required
temperature. In the second version, a separate large hot water reservoir is sited
near each auxiliary heat pump and piped to each flat as required. This latter
approach could be attractive as less storage space for hot water cylinders in the
individual flats is required. Both of the options require that there is a second heat
meter for each flat to measure the hot water used in that flat. The former option
would also preclude the use of solar hot water heaters unless triple coil cylinders
are on the market.

On advice from Water Furnace, it was recommended that although a 200 litre tank
would suffice in each flat, a tank with a capacity of around 2400 litre would be
required for all the flats on a single floor. The cost differential between the two
options for water cylinders was relatively small and at best the communal tank was
£2000 cheaper overall. On the other hand the accuracy of monitoring hot water
energy use would be less and this would move against the desire to have each flat
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correctly measured for energy use. For this reason, the communal cylinder option
was rejected.

Using heat pumps in a “piggy-back” arrangement can create practical problems,
particularly if there is any interruption to the primary circulating main, or the
temperature difference between the primary main and the required water
temperature gets too low. For this reason, this approach was studied from a
theoretical standpoint of what might be achieved rather than a practical option.
When discussing heat recovery below, a variation of this approach, which is also
practical, is considered.

4.4 The provision of Heat Recovery

Heat recovery for the individual heat pumps may be achieved using fan coils to
collect the waste heat then inject it into the return communal main circulating
through the building. In the case of a communal main system, there are two
options:-

i) Return all the communal air to a central air handling unit located
adjacent to the main communal heat pumps. The exhaust air would
be used directly in a further heat exchanger placed after the river
extraction heat exchanger. The exhaust air at around 20°C will
normally be above the temperature of the source water as it emerges
from the river water heat exchanger.

ii). Alternatively the exhaust air from a small group of flats would be
recovered using a fan coil rejecting heat to a “heat recovery” water
main. This main would then returned heat to the main communal
heat pumps.

In option (ii) it is unlikely that much additional ventilation ducting would be needed
and this option would avoid the need for extensive ducting to the main air handling
unit. For this reason, option (i) was rejected.

However, if air-to air heat pumps are used purely for ventilation with the evaporator
extracting heat from the exhaust air, this might be an option worth considering.
However, this was not favoured by Water Furnace, and indeed it also falls foul of the
current restrictions for potential grants for heat pump applications. For this reason
such options were not considered in the present study but should not be ruled out in
other applications.

METHODS USED TO EXPLORE HEATING OPTIONS

Introduction

Several stages are needed to examine the viability of the options listed in sections 3 and 4
above:-

i),

i).

Heat loss calculations for the buildings concerned,
Exploration of alternatives for using heat pumps,

ii). Cost Benefit Analysis,
iv). Quantitative study of environmental impacts.

In addition, there will be aspects of the concept of Energy Service Companies which will
require, at least in part, some quantitative analysis.
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6 Heat Loss Calculations

The complex of buildings in the redevelopment includes the residential buildings which are
the focus of this investigation and also a commercial complex in the form of a hotel which is
separate from the main investigation. A simplified outline of the building is shown in Fig.

6.1.
There are five separate sections of the buildings:-

i). the original Riverside Building which housed the 1940s heat pump,

ii). the building facing Duke Street,

iii). the Warehouse Building completed in the mid 1980s,

iv). a new proposed commercial development consisting of a hotel, restaurants etc,
v). a multi-storey extension to the on the south side of the Riverside Building,

vi). a multi-storey extension on the river side of the Warehouse Building.

Some of the flats in the residential building are planned as social housing units.

Duke Street

Duke Street Building

Location
of 1940s
et Pump Plaanod [ Planned
extension : new
Ri to d || commercial
iverside :
. - : :
Riverside Building { complex
Building
7~
<
Q)
-
=
o]
w2
ot

Extension to Warehouse
Warehouse | /."* i
Building =

Fig. 6.1. Simplified Schematic arrangement of the buildings showing the different phases of the
original building and also the proposed new additions
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In the original proposal for this feasibility study it was intended that any issues which
affected both the commercial and residential buildings would be considered where possible.
It was expected that heat loss calculations would be part of the study of the residential
complex, but that similar calculations for the commercial development would be available
from elsewhere. Such information would be required if the commercial site were to include
a CHP plant which might also supply electricity for running heat pumps in the residential
buildings).

However, in the last few months, issues over planning have made the likelihood of any
commercial development much less likely. For this reason, no further consideration has
been made of the commercial site energy requirements.
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Fig. 6.2 The sections of the complex used in the analysis. These sections were so
designated to simplify heat loss analysis.

For ease of analysis, the proposed new residential buildings were re-designated as four
separate sections subsequently referred to as (Fig. 6.2):-

i). The Riverside building consisting of the majority of the original Riverside building
together with the south facing extensions.
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ii). The Warehouse (the building completed in the mid 1980s) together with the
extensions on the riverside,

iii). The building fronting onto Duke Street. This designation of this building was
extended to include the Duke Street frontage of the original Riverside Building,

iv). A small “infill” building between the Duke Street and Riverside Buildings.

The combination of the Duke Street Building, the Riverside Building, and the associated
“Infill” building will be known collectively as the main building.

The various buildings have different numbers of storeys and in the Riverside Building, there
is a further complication of an additional storey on the south side but within the same
overall height. Many of the flats on the south side in this building are split level flats.

In general, there are approximately six discrete levels in the main buildings but four in the
Warehouse. On each level in the main buildings there are up to 15 flats per floor, although
some floors have less where there are larger communal areas. In the Warehouse Building
there are typically 6 flats per floor. In total there are 107 flats with floor areas ranging from
96 m” to 129 m”.

A Spreadsheet was developed to facilitate analysis (Fig.6.3).  As the final internal
arrangements for individual flats had yet to be decided, the heat loss calculations were
based on the dimensions within the overall fabric envelope of the walls, windows, floors (for
those on the ground floor), roof (for those on the top floor), and volume for ventilation

Fig. 6.3 Example of the Spreadsheet used for analysis.
sheets which examine performance of heat pumps etc.

parameters.

32

This sheet is linked to

calculations.
SetUValues | Duke Street EST Project
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Noteworthy in the Spreadsheet are the slider bars at the top which can adjust the key
parameters of air-exchange rate and the design temperatures with ease. With the options
as shown in the figure the total heat loss is 484 kW at a design internal temperature of 20°C
and external design temperature of —1°C. With 1 air change per hour in the flats,
ventilation losses amount to 73% of the total energy requirement if there is no heat recovery
from the ventilation. The total energy requirements may be broken down as shown in Table
6.1. If 50% of the ventilation heat from the flats is recovered then significant savings in
energy are possible amounting to a 37% saving. In such cases, the ventilation loss is still
60% of the total loss.

The average heat loss for an individual flat under design conditions of 20°C internal
temperature and —1°C external temperature is 4.52kW with a range from 3.62 to 5.14kW.

For the analysis, the following U-values were assumed:-

i). Walls (0.35 Wm?2°C™)
ii). Windows (2.0 W m?2°C™)
iii). Roof (0.2 W m?°C™")

iv). Floor (0.25 W m?2°C™).

These are the values as specified in the Building Regulations which came into force on 1%
April 2002. Originally, it had been the intention to examine possible improved U-values, as
optional packages, but it soon became apparent that ventilation in the building dominated
the heat loss in the building and that efforts to improve the fabric conductive losses would
have much less effect than improvements achieved through heat recovery from ventilation.
This is demonstrated below in Table 6.1.

Table 6.1. Effects of changes insulation standards compared to utilising heat recovery

a: reference case with no heat recovery,

b: with improvements to fabric insulation as suggested in consultation document on New
Building Regulations (Office of Deputy Prime Minister: Building Regulations
Consultation Document (July 2004),

c: existing regulations with improvements from heat recovery from ventilation.

The shaded boxes indicate the possibilities if regenerative heat exchangers are used, but
such are only really possible in new build rather than in refurbished buildings.

Using U-values from Building Regulations
Fabric Component a)Existing b)Regulations c) Existing Regulations for fabric components
Regulations. under
Base Case consideration
Walls 36.74 28.34 36.74
Windows 68.33 61.50 68.33
Floor 10.70 6.96 10.70
Roof 13.38 11.77 13.38
TOTAL 129.15 108.57 129.15
Ventilation % heat recovery
0% 0% 10% 20% 30% 40% | 50% | 85%
Communal Areas 55.3 55.3 49.8 44.3 38.7 332 | 27.7 8.3
Flats 2994 2994 269.5 | 239.5 | 209.6 | 179.6 | 149.7 | 44.9
Total Ventilation 354.7 354.7 319.3 | 283.8 | 248.3 | 212.8 | 1774 | 53.2
Total 484 463 448.5 | 413.0 | 377.5 | 342.0 | 306.6 | 182.4
Percent of reference 100% 96% 93% 85% 78% 71% | 60% | 38%
case
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Mechanical ventilation will be needed in the building as there are internal bathrooms etc,
and provision of ducting will be incorporated in the basic building design. Section F of the
Building Regulations applies, but is a little vague as this specifies volumes to be delivered
in terms of litres per second. In the draft revision to Section F, it also specifies that the
minimum whole flat ventilation should be 0.3 * floor area litres per second. At the same
time, there are specifications for toilets and kitchens which might not entirely be consistent
with this figure — e.g. where there are two or more bathrooms. Equally, since the building
is an old one, it will not have the air-tightness potentially achievable in new buildings, and
in addition windows will inevitably be opened which will increase the air-exchange rate.
Consequently an air-exchange rate of 1.0 air change per hour was adopted. This is also
consistent with Good Practice Recommendations.

It is clear from Table 6.1 above that even the significant improvements in U-values currently
under discussion with the building regulations do not provide the same reduction in energy
requirement as does even a limited amount of heat recovery from ventilation. If 50% heat
recovery is achieved which is possible in appropriately designed systems, then the space
heating requirement can be reduced to 63%.

At the University of East Anglia, there are three buildings which have regenerative heat
exchangers which can achieve 85% heat recovery. If this were the case for the current
study, the energy demand would fall to a mere 38% of the original exceeding the
challenging 60% target set by CRed (and subsequently by the Government in the White
Paper 2003).  However, such regenerative heat exchangers are only really suited with
new build and particularly when a TermoDeck type of construction is used. This is clearly
not possible in a refurbishment such as the present building.

The effect of incorporating the proposed indicative U-values as indicated in the proposed
revision of the Building Regulations (currently as a Consultation Document) are shown in
column 3 of Table 6.1. It is clear that at best these will result in a reduction in energy
demand of around 4%. The indicative U-values for 2005 are comparable with the current
requirements in countries like Denmark.

If the aspiration U-values for 2010 (as included as Table 3 of Section 6 of the Consultation

Document) are used then the reduction in heat loss over 2002 standards is still only 9% and
is small compared to all but the most modest attempts at heat recovery from ventilation.
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7. Initial Heat Pump analysis

In the second stage in the multi-sheet spreadsheet (Fig. 7.1), there are facilities to compare
the performance of heat pumps with conventional condensing gas boilers.  This is a first
stage analysis designed to allow some key parameters to be selected with refinement
coming in the next stage.

Return to Overall Calculations |
Select Air-Exchange Rate Select Design Temperatures | Select Efficiency and Heat Recovery Percentage
Flats | _External [ Flats _[Communal | | g e
(Commmnal Areas
05 & P 14 - 199 & 057 Al
i Select Boier || oo Hest
202 L] COP Efficiency Recovery @ ‘Yes
203 M
204wl QMo
10 | 1.0 | | 10 | 200 | | 50 | |
SPACE HEATIHG oy
D_I“ . Energy Proportion of Hot Water
Without Heat Recovery Requiremen | Condensin | Pump From from Heat from Fequirements Hot wiater
. + £ Boilers Energy River | Ground River rest per day per Temp
. Py |
Design heat Loss rate | KW'C 23.2 25.7 4.6 9.3 9.3 | litres/sec | from Ground flat
Overall Design heatLoss | KW 484 538 9.8 | 1936 | 1936 | 1156 Probes
| 160 litres |
[Annual Consumption [ TJ 4,87 XTI T . g |48 TJ
Carbon Dioxide Emissions_tonnes 2719 | me || 163 tonnes g ] Number of Flats
i
% carbon dioxide gaving from base case 58% Temperature ; 107
[with Heat Recovery 0% - of C¥Y rmains q Average Heat Pump
Heat Recovery Rate kW C 8.5 1.7 14 1.4 _far HOT ke Cuput per Flat
Possihle Heat Recovery kW 177.4 35.5 70.9 70.9 W TER A5 KW I
Fuuivalent Heat Loss Raie | KW ect 14.7 2.9 5.9 59 litres/sec 10 deg C
Equivalent Heat Loss kW 306.5 51.3 1226 | 1226 7.32
Annual Consumption TJ 3.08 0.62 Saving 4.79 Td inﬁ:::t;):to:rse:?nt
Carbon Dioxide Emissiong tonnes T4 206 tonnes TR
% carbon diozide saving from base case T¥a commercial plant has
been resolved
2 Net Condensin | Electricity | Assumes that hot
A R Requiremen | g Boilers | Resistive | water is provided
i =olely by resistive i
Annual Cor!su!'nptlon TJ 118 1.3 148 Yh ':;t River Flow temperature rise °C
Carbon Emissions tonnes L1} 1H EELING CUMECS N0 FECOVERY |recovery
Ho recovery  With Recoveny hdinimum Winter Flow 1.05 0.044 0.016
Fabric Loss kwoC! 6.15 Average Winter Flow 514 0.0039 0.003
Ventilation Loss w ! 2347 1466 |
Percent Fabric Loss 26.5% H.9% |

Fig. 7.1 Example of second section of spreadsheet. This provides a general indication of energy

requirements for heat pumps and also base case gas boilers

The aim of this section is to explore the performance of heat pumps as indicated in options
2 and 3 — i.e. using a communal heating main. The analysis for the situation where
individual heat pumps are located in each flat will be discussed in section 9.

As with the heat loss calculations there are opportunities to select the internal and external
temperatures and also the air exchange rate. In addition, there are many other sliders
which permit many other parameters to be changed including:-

i). the coefficient of performance of the heat pump

ii). the boiler efficiency,

iii). the proportion of heat recovered,

iv). whether heat recovery is available from communal areas or not,
V). the volume of the hot water store,

vi). the hot water temperature,

vii).  the incoming cold water main temperature,
viii).  the proportion of heat to be extracted from the ground.
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Data regarding the flow rates in the River for a 20 year period were obtained from the
Environment Agency. These data referred to Costessey several kilometres upstream, and
the flow rates past the site are thus under estimates. These data were used identify the
maximum and minimum, as well as the average flow rates for each month, and each
season of the year. The result data was then linked directly to the analysis spreadsheet so
the effects on the overall river temperature can be ascertained. The average flow in winter
is 5.14 cumecs, but the minimum winter flow recorded at any time over the 20 year period
was 1.04 cumecs.

If heat is extracted from the river, then there will be a cooling of the water. However,
though the water extracted from the river will be cooled by up to 5°C, when it returns it will
mix with the remaining river water, and apart from in the immediate vicinity of the outfall
pipe, the impact on the river will be much less. From a knowledge of the peak heat
requirement (from the heat loss calculations above), the reduction in the river temperature
(Tr) may be estimated as follows:-

From thermodynamics, the heat supplied to the building (Q,) is related to the energy input
to the heat pump (W) and the heat extracted from the source (Q) by:-

0,=W+0,

but the coefficient of performance ( C ) is given by:

C-1
ng or W= 9 hence Q, =|—— |0,
w C C
If the proportion of the heat extracted from the river is r (1 — r coming from the ground coils),
the temperature reduction in the river (T, ) will be:-

C SpV

where S is the specific heat of water (4.1868 kJ kg™),
and V is the volumetric flow rate of water,
and pis the density of water.

Fig. 7.1 shows that the temperature fall is negligible even in the case where all the heat
comes from the river and there is no heat recovery. The maximum depression in the river
temperature coinciding with the minimum flow in 20 years is just 0.088°C, and that assumes
that the peak demand for heat coincides with the minimum flow. In average winter
conditions, the depression is just 0.018°C.

While the impact on the river overall may be negligible, calculations are needed to ascertain
the extraction rate needed from the river. This information both with and without heat
recovery is shown in Fig. 7.1. These flow rates determine the size required for the pumps.
In the situation when there is no heat recovery, and all the heat demand is satisfied from
the river, the flow rate will be 23.1 litres per second if the temperature between inlet and
outlet is 4°C. At a 5°C temperature difference the flow rate falls to below 20 litres per
second. A duty pump capable of delivering 25 litres per second would thus be adequate.

In the spreadsheet, the value selected for the coefficient of performance (COP) was 5.0 for
the example in Fig. 7.1, although any other value could be selected. This value was
chosen in this example as it was towards the average of the range of performances
suggested by heat pump suppliers. It should also be noted that often the COP for heat
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pumps is suggested as around 3.4 (e.g. SAP 2001). However, in this case under floor
heating will be used which has a much lower sink temperature than normal heat emitters,
and thus the COP will be improved. In the next stage of the analysis the effects of varying
temperature on the COP will be considered.

The spreadsheet also provides information on the delivered energy consumption, the
carbon dioxide emissions and the magnitude and percentage saving both with and without

heat recovery compared to the base case using a gas condensing boiler.

The results for space heating are summarised in Table 7.1

Table 7.1 Summary output from initial analysis of performance of heat pump.

Heat Loss Annual CO; emitted | CO, saved
Rate Energy Tonnes tonnes % saving

Net Energy Requirement 23.2 kw°C” 4.87 TJ
Base Case, Gas 257 kW°C"'|  5.41TJ 279 0 0
Condensing Boiler
Heat Pump 4.6 kw°C” 0.97 TJ 116 163 58%
Heat Pump with 50% heat | 2.9 kWw°C™” 0.62TJ 74 206 74%
recovery

The savings in carbon dioxide emissions are substantial, and clearly the heat pump option
requires serious consideration.  The results for the scenario with heat recovery assume
that 50% of the ventilation heat is actually recovered. This percentage of recovery will vary
depending on the configuration of the heat recovery system.

Hot water requirements are excluded from the above analysis. Hot water, for the reasons
outlined in the previous section must be stored above 55°C, and operating a heat pump to
provide such a high temperature, which is well above that required for under floor heating,
will seriously degrade the coefficient of performance and thus the potential savings. This
effect is illustrated in Fig. 7.2. The theoretical, or Carnot efficiency is given by:-

Tl
Tl - T2

COP =

where T, is the required temperature
and T, is the source temperature.

Both T1and T, must be specified in Kelvin (not degrees Celcius).

A practical efficiency will be around 50 — 60% of the theoretical efficiency and the overall
coefficient of performance has been constructed for three source temperatures. For under
floor heating a circulation temperature can be as low as 35°C. Clearly if a temperature of
60°C is required for hot water purposes, the coefficient of performance will fall significantly.

The simplest approach to supply hot water is to use resistive heating, but that is not the
most energy efficient approach. As a comparison, Table 7.2 shows the overall situation
with a heat pump supplying the space heating with a coefficient of performance of 5 (typical
of manufacturer’s performance data) but with electric resistive heating providing all the hot
water requirements.
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Fig. 7.2. Variation of coefficient of performance with input and output temperatures.

Table 7.2. Total delivered energy and carbon emissions of basic heat pump option with ONLY
electric resistive heating for hot water. A COP of 5 is assumed for this table.

Annual Energ

Space Water Total CO, emitted | CO, saved

Heating Heating tonnes tonnes % saving
Net Energy Requirement 487 TJ 1.18 6.05
Base Case, Gas Condensing
Boiler 541TJ 1.31 6.72 347 0 0
Heat Pump for space heating 097 TJ 1.18 2.15 257 90 26%
Heat Pump for space heating
with 50% heat recovery 0.62TJ 1.18 1.80 215 132 38%

Clearly, if a heat pump is available then any hot water could be pre-heated using the heat
pump to the circulating main temperature. In this case the energy expended in the electric
resistive heating would be less and the savings in carbon dioxide emissions would be greater.
This approach is discussed in the next section.

8. Final Heat Pump Analysis for communal system — options 2 and 3

It is apparent from Fig. 7.2 that adjusting the temperature of the circulating main may have
benefits. The lower the circulating temperature, the better the performance of the space
heating, but the lower the performance for hot water performance.

The effects of varying the main temperature may be modelled by computing the relevant
theoretical coefficient of performance as given by:

Tl
Tl - T2

COP =
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A practical COP may be estimated by multiplying this by the isentropic efficiency — i.e. the
proportion that practical COPs approach the theoretical. A figure of 55% was taken for this
isentropic efficiency. Unlike the preceding simplified analysis where an assumed COP was
used (based on manufacturers advice), computed COPs were used in the remaining
sections.

A further spreadsheet was developed for this analysis. Once again numerous sliders were
provided to allow variations in the parameters to be studied conveniently. Several
parameters — e.g. air-exchange rate, boiler efficiency, design temperatures are selected in
one of the previous sheets and are automatically linked to this sheet. This spreadsheet is
shown in Fig. 8.1 and was used to examine effects of changing the communal main
temperature in option 3, and also the effects of heat recovery. The results are shown in
Fig. 8.2.

The opportunity to model in this way (i.e. using the computed COP) allows the effects of
incorporating heat recovery to be explored and thereby optimise the most cost effective
solution. While any proportion of heat recovery could be modelled, it was assumed for the
results displayed in Fig. 8.2. that 50% of the ventilation heat requirement could be utilised.
The carbon dioxide emissions fall from 347 tonnes per annum in the base case to 200
tonnes if the communal main is operated at 55°C i.e. sufficient to supply hot water. If heat
recovery is included then there is a further reduction to 188 tonnes.
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Fig. 8.1. The final Spreadsheet used to optimise design. Apart from the design heat loss

parameters, all the key parameters and key results are summarised on this sheet.
The values shown correspond to the final ones selected for the environmental and
cost benefit analysis.
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If the communal main is run at a lower temperature, then the hot water can be supplied
solely by resistive heating as indicated above, or by pre-heating the water to the circulating
main temperature and then topping up the heat requirement with electric resistive heating.
For all circulating main temperatures, Fig. 8.2. demonstrates that carbon emissions become
progressively less as the circulating temperature is reduced, even when the high emissions
associated with resistive heating are taken into account. A further reduction occurs at all
operating temperatures for the communal main if heat recovery is present.

250
Base Case Emission 347 tonnes per annum
w — = Option 2
g 200 E——
= L --[3--- Option 3E
=
=]
E —— Option 3H
:: — = Option ZR
o
= Option 3ER
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Communal M ain Temperature ( C)

Fig. 8.2. Variation in carbon dioxide emissions with various options for operating the communal
main. These figures exclude emissions associated with main circulating pumps.

If the circulating main is used to “piggy-back” the heat pumps for the top up of hot water
even greater savings are possible. When heat recovery is employed, there are two
options: a) to pass water from the primary main through the evaporator of the auxiliary heat
pump, and return it to the return main of the primary circuit; b) to use the return main from
the heat recovery water loop as the source to pass through the evaporator.

Generally the latter option will give a slightly lower performance (as the effective
temperatures are lower) and hence the savings will also be lower. However, using water
from the primary main temperature for the evaporator can create practical problems if the
temperatures between the condenser and evaporator get less than around 15°C. This
means that to use a piggy back system on the primary main would require the primary main
to be at a temperature no higher than around 35°C. While this matches with the
requirements for under floor heating design, this configuration would not allow a margin to
raise the temperature of the primary main if required.
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9. Individual Heat Pump Scheme (Option 1)

Modelling the option of individual heat pumps in each flat with separate provision for
space heating of communal areas is more straight forward as there is no complication
regarding hot water provision. Within each flat, the heat pump can be operated to boost
the temperature for short periods to satisfy the hot water requirements, but then operate
under normal temperatures compatible with the under floor heating. This means that
potentially a high COP is possible for the majority of the time and this only drops when
there is a demand for hot water heating. Such a scheme would provide the greatest
flexibility as all functions, including heat recovery are effectively internalised to each flat.

Furthermore, with this scheme there is the option for fabric cooling which would be difficult
to achieve with a central scheme unless a separate set of cooling and heating mains were
provided. Such separation would be necessary as different flat occupiers would call for
cooling and heating at different times in the spring and autumn periods.

The overall savings with the individual flat option are likely to be very close to those in
option 3 (with 35°C circulating temperature) using the hypothetical option of a piggy back
system for the hot water. A similar saving to option 3 with heat recovery would be
achieved if the individual flats utilised heat recovery.

10. Overall Energy and Carbon Emissions for the different options.

While the carbon emissions for most of the options have been indicated in Fig. 8.2. these
relate solely to the operation of the heat pumps (both main and auxiliary) and any auxiliary
resistive electric hot water heaters. In addition, the energy consumed by the pumps will
needs to be considered. There are five different types of pump to consider:

1). Individual circulating pumps for the base case gas condensing boiler scheme

2). Primary main circulating pumps — in option 1 (individual flat heat pumps) this will
also include the ground loops, but in options 2 and 3 only the internal circulation will
be covered by this pump

3) Ground loop pumps for options 2 and 3

4) River water pumping for all heat pump options

5) Recovery loop circuit pumps for the communal options with heat recovery.

All the pumps were sized by Water Furnace, on their advice the pumps were assumed to
have a load factor of 50%.

Table 10.1 shows both the annual energy requirements and the carbon dioxide emissions

for all the options. It is apparent from the table that all the heat pump options both save
delivered energy and also carbon emissions. In some options, the saving is substantial.
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Table 10.1 Delivered Energy and Carbon Dioxide Emissions for different options.

Delivered Energy (kWh) Carbon
Dioxide
(tonnes)
Option Code Gas Electricity| Pumps Total Total
Base Case B 1865031 31799 361
Individual heat pumps no recovery 1 297260 42486 339746 146
Individual heat pumps with recovery 1R 260940 42486 303426 130
Communal scheme 55°C main no
recovery 2 465224 57816 523040 225
Communal scheme 55°C main with
recovery 2R 437763 63948 501711 216
Communal scheme with 35°C and electric
resistive HW heating: no recovery 3E 416867 57816 474683 204
Communal scheme with 35°C and
auxiliary heat pump for HW: no recovery 3H 290453 57816 348269 150
Communal scheme with 35°C and electric
resistive HW heating: with recovery 3ER 387623 63948 451571 194
Communal scheme with 35°C and 3HR1 261209 | 63948 | 325157 | 140
auxiliary heat pump for HW: piggy back on
primary main — with recovery
Communal scheme with 35°C and
auxiliary heat pump for HW: on recovery 3HR2 274503 63948 338451 146
main - with recovery

Fig. 10.1. demonstrates the saving in carbon dioxide emissions compared to the base case,
some of the options have a saving of over 60% compared to the base case, and thus more
than achieve the CRed target of 60% reduction set in October 2002 and reinforced in the
Government White Paper in February 2003.

70% 60% CRed Target

60% ]

50% 4

40% 41—

30% 14—

% CO. reduction

20% 41

10% 14—

D% T T T T T T T T
1 1R 2 2R 3E 3H  3ER 3HR1 3HR2

Option

Fig. 10.1. Carbon dioxide savings with the different options
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11. Running Costs

With any system there will be both energy costs and maintenance costs. Heat Pumps tend
to be more reliable than boilers and require less maintenance, however, since the base
case would include gas condensing boilers which would attract a maintenance charge
anyway this has not been included in the analysis as the costs for all schemes are likely to
be similar. It can be argued that heat pump maintenance might well be less, but ignoring
the difference is a pessimistic assumption. On the other hand there may be significant
differences in the annual energy costs, and it is the relative energy costs of the different
options, which will determine whether the additional costs of any of the proposed options
are cost effective in the long term. The energy costs depend on the prevailing tariffs. For
the base case using gas condensing boilers, the domestic tariff as provided on the British
Gas Web site was used. For electricity use, information was taken from several tariffs as
quoted on the respective Web Sites on 22™ July 2004. The prices used all excluded VAT
as the capital costs were also quoted on this basis.

Some tariffs included a standing charge, some did not. Some tariffs have a threshold
break point above which the unit charge changed. The list is not exhaustive, but all the
tariffs were used to evaluate a total running cost for each option, and then the average total
cost from all tariffs was determined. In all cases the tariff chosen was the Monthly Direct
Debit Tariff. In the case of PowerGen, two separate tariffs were obtained — one directly
from their Website, the other from a telephone call.

Heat Pumps are likely to be running both during the daytime and at night. In the SAP
(2001) calculations for the Building Regulations there is mention of a 24 hour heating tariff,
but enquiries to electricity suppliers generally referred to their Economy 7 Tariff. This does
present a problem in that an appropriate proportion of night time to day time units must be
made. Only the Economy 7 tariff was used in the analysis (section 11.1) although some
further discussion of 24 heating tariffs is included in section 11.2.

Following completion of the report, some suppliers raised their tariffs and the discussion
document relating to proposed changes in the SAP rating procedures was published.
Accordingly, these are discussed in sections 11.2 and 11.3 respectively.

11.1 Existing Tariffs (July 2004)

Table 11.1.  Domestic Electricity Economy 7 Tariffs used in analysis.

Normal Monthly Direct Debit Tariffs (22™ July 2004). The fuels costs were computed with
each of the tariffs and an average taken to determine the total annual cost.

Annual Unit Break Point| Unit Night Unit

Standing| Charge (kwWh) Charge | Charge

Charge £| (p/kWh) (p/kWh) | (p/kWh)
PowerGen Phone call | £39.48 6.731 3.056
PowerGen Website £39.44 6.61 2808 6.34 2.81
Scottish Power Website £38.106 5.96 2808 5.72 2.52
Scottish and Southern |Website £38.105 6.34 2808 6.09 2.69
British Gas Website £0 11.377 900 6.07 2.606
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Table 11.2. Green Economy 7 Tariffs used in analysis.

Annual Unit Break Unit Night Unit
Standing Charge Point Charge Charge
Charge £ | (p/kWh) (kWh) (p/kWh) (p/kWh)
PowerGen Green Phone 39.48 7.182 3.056
Call

For the various communal schemes in options 2 and 3, the quantities of electricity to be
consumed fall into the SME range of consumption and a quotation from PowerGen gave

the following information which was used in the analysis.
particularly relevant in discussions of Energy Service Companies.

Table 11.3. PowerGen SME Tairiff.

This tariff will be come

Annual Unit Charge|Break Point|Unit Charge| Night Unit
Standing (p/kWh) (kWh) (p/kWh) Charge
Charge £ (p/kWh)
PowerGen SME Tariff|22" July 36.32 5.58 12000 5.45 243
Table 11.4 British Gas Domestic Gas Tariff for Base Case (22" July 2004)
Annual Unit Charge | Break Point | Unit Charge |Break Point 2|Unit Charge
Standing (p/kWh) 1 (kWh) (p/kWh) (kWh) (p/kWh)
Charge £
British Gas 0 2.189 4572 1.525 293072 1.481

11.3 Tariffs as included in the Draft SAP 2005 Consultation Document (July 2005)

At the end of July 2004 a revision of the SAP rating calculations was published for
This was received just 3 days before the submission of the report, but a
basic analysis was completed using the data from Table 12 of the Draft SAP 2005
Consultation Document.

consultation.

The data used are summarised in Table 11.5.

Table 11.5: Energy prices from SAP 2005 Consultation Document

Annual Unit Charge | Night Unit
Standing (p/kWh) Charge
Charge £ (p/kWh)
Mains Gas 32 1.51
Economy 7 26 7.12 2.85
24 Heating 47 3.37

11.4. Proportion of electricity attributable to off-peak tariffs

Unless there is a special 24 heating tariff (which in reality appears to be non-existent), it is
important to attribute correctly the proportion of electricity to be charged at peak and off
peak rates. A sensitivity analysis using 0% to 50% off peak electricity was considered with
the results displayed in Table 11.6. and graphically as Fig. 11.1
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Fig. 11.1 Annual energy costs for the different options and different proportions of off-peak
electricity use. In all situations, the annual energy costs are less with the heat pump
options.
Table 11.6. Annual Energy Costs for the different options for different proportions of
electricity derived from off-peak electricity.
Percent derived from off peak electricity
Option 0% 10% 20% 30% 40% 50%
Gas Base Case | £29,448 | £29,448 | £29,448 | £29,448 | £29,448 | £29,448
1 £25,891 | £24,666 | £23,440 | £22,215 | £20,989 | £19,764
1R £23,588 | £22,493 | £21,398 | £20,304 | £19,209 | £18,115
2 £28,558 | £26,978 | £25,398 | £23,819 | £22,239 | £20,660
2R £27,395 | £25,880 | £24,365 | £22,850 | £21,335 | £19,819
3E £25,922 | £24,489 | £23,055 | £21,622 | £20,188 | £18,754
3H £19,033 | £17,981 | £16,929 | £15,877 | £14,826 | £13,774
3ER £24,663 | £23,299 | £21,935 | £20,571 | £19,208 | £17,844
3HR1 £17,773 | £16,791 | £15,809 | £14,827 | £13,845 | £12,863
3HR2 £18,498 | £17,475 | £16,453 | £15,431 | £14,409 | £13,387

The above results show that the running costs using a heat pump are always cheaper than
the base case using a gas condensing boiler. However, the financial savings increase as
the proportion of off peak electricity increases. As a first approximation, it might be
assumed that the proportion of off peak electricity will be the proportion of time that such
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tariffs are available (i.e. 7 hours in 24 or 30%). However, this ignores the not insignificant
storage available particularly for hot water and the effective proportion of off-peak electricity
which can be used will be much higher.

Initially this figure was assumed to be 40%. The new SAP 2005 consultation document
includes guidance on how much can be attributed to off peak electricity (pages 40 and 41).
This consultation document only became available a few days before submission of this
report, and the following revision was done for the final version of this present document.

According to the SAP 2005 discussion document, 13% of the hot water requirement should
be charged at full rate and the remaining 87% at off peak rates. For space heating the
normal ratio of 30% should be used. It is assumed that the circulating pumps will be
running continuously and thus also be charge 30% of time at off peak rates. The software
has been amended to allow either a specific proportion of off peak electricity to be used, or
for the proportion calculated following the guidance of SAP 2005. If this is done for the
proportion of hot water and space heating requirements then the computed value of off
peak electricity is 39%, close to the initial assumption of 40%. However, this figure will
change if the relative proportions of hot water to space heating change.

The annual energy costs for the base case with condensing boiler is estimated to be
£29,448. In all the heat pump options, the running costs are much lower than this, in some
cases less than 40% of this value Thus in all situations there will be a saving in energy
costs using any of the heat pump options.

11.4 Discussion of Tariffs including future trends

The running costs were computed using the actual tariffs of July 2004 as indicated above
and those defined in Table 12 of the SAP 2005 consultation document. The prices quoted
for gas in the above documents give figures which differ from the actual ones by 0.2% and
thus seem reasonable. However, when the electricity prices from SAP 2005 are used
these give running costs noticeably higher than the computed values. It is interesting to
note that these figures from SAP 2005 are more in line with the recent price rises declared
in late August 2004. However, this is inconsistent as the SAP 2005 energy costs for gas
are then around 10% less than the post increase figures for that fuel.

To avoid confusion, the actual figures as declared on 22" July 2004 have been used
throughout the analysis. In late August 2004, first British Gas and then other companies
such as PowerGen, nPower have declared increases in their fuels, but it will be several
weeks before these prices come into effect, and in the meantime other companies are
almost certain to raise their prices too. In any case, the price rises in gas for those
companies who have declared rises to date have been typically around 9 — 13% while
those for electricity have been between 5 and 8%. Thus by using the July 22" data, this
will give a pessimistic assessment of the viability of the heat pump options. In the future,
further prices rises are almost inevitable with dwindling gas supplies and it can be expected
that electricity will rise less fast than gas as not all electricity is generated from gas.

Table 11.5 indicates a 24 hour heating tariff which is assumed in the SAP Consultation
document. No supplier could be found offering such a tariff, but if such a tariff were
available at those prices, then there would be further significant savings in the heat pump
option as the running costs would be reduced. The corresponding figures to those shown
in Table 11.6 are shown in Table 11.7.

However, since such a tariff does not seem to be available at present it has not been
considered further in the analysis. One reason cited for the lack of interest by utility
companies is the lack of demand for such a tariff. However, as heat pumps become more
widespread such tariffs could well become the norm in the future.
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Table 11.7. Annual Energy Costs for the base case and the different heat pump options
using the 24 hour heating tariff indicated in Table 12 of the SAP 2005 Consultation
Document.

Option Percent derived from off peak electricity
0%

Gas Base Case £29,448
1 £16,478
1R £15,254
2 £17,673
2R £16,955
3E £16,044
3H £11,784
3ER £15,265
3HR1 £11,005
3HR2 £11,453

12. Capital Costs

The capital costs for the base case using gas condensing boilers were obtained from
information provided by TargetFollow. Heat Pump costs were provided by Water Furnace
while pipe costs were provided by Uponor. Eastern Heat Pumps provided costs on screed
prices and under floor heating.

12.1 Base Case Capital Costs

The capital costs for the base case using condensing boilers are shown in Table 12.1.
These include, the heating equipment in each flat, the ventilation ducting required, provision
for space heating the communal areas, and provision of and reinforcement of the gas mains
to the building.

Table 12.1 Capital Cost for Base Case using Condensing Gas Boilers

Item Description Unit costs Total

Gas Options

Individual flats condensing boiler, 7 radiators, cylinder, £4,500 £481,500

controls & including flues 107 units @ £4500

Ventilation systems 107 @ £1000 £1,000 £107,000

Central plant for communal heating pro rata 107 to 200 units which cost £120,000

£170,000. Assumed some fixed costs the same so costs reduced to

£120,000

gas mains to each flat 107 @ £500 £500 £53,500
£762,000

The heat pumps are of American manufacture and the costs in Table 12.1 include shipping
and installation, import duty and an assumed dollar/pound exchange rate of $1.60 to £1.
This exchange rate is much lower than the current one ($1.79 to £1), but this will allow for
any future fluctuations.
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12.2. Heat Pump Costs

Table 12.2 Heat Pump Costs. Most of these pumps are used in one option or another and
hence the full range is included. Data provided by Water Furnace (23%° July 2004).

Unit Heating (kW) |Total price installed |Availability
EKWO06 6.2 £ 2,803.13 Now
EKWO08 8.1 £ 3,759.38 Now
EKW12 11.8 £ 4,146.88 Now
EKW17 171 £ 4,646.88 Now
EKW30 30.0 £ 8,587.50 2005
EKW50 31.0 £13,812.50 2005
EKW90 61.0 £17,625.00 Late 2004
EKW145 145 £ 30,750.00 2005

12.3. Ancillary Equipment Costs

The ancillary equipment include the pumps for the different main circuits and the heat
exchanger for the main river water extraction

Table 12.3. Ancillary Heat Pump Equipment. Prices provided by Water Furnace (23" July
2004)

Cost Installation |Heat Installation Electricity
Exchanger Consumption

Pumps |River Circuit [£12,000 [£500 £6,500 £500 £19,500 |1.4 kW
Ground Loop |£8,000 £500 £8,500 6.2 kW
Primary Main [£8,000  |£500 £8,500 |3.5kwW
Recovery Main|£4,000  |£500 £4,500 |3.5kW

£41,000
i). For all heat pump options, it will be necessary to have the river circuit equipment.
ii). For option 1 (individual heat pumps), the ground and primary main are served by the
same pump.
iii). For options 2 and 3 separate ground and primary main pumps are required.
iv). For the communal heat recovery options, the recovery main pump is also needed.

The total pump and exchanger costs are summarised (Table 12.4).

Table 12.4 Total Ancillary Prices for each option

Option Option Codes Total Price
Individual Heat Pumps (withand | 1 and 1R £28,000
without heat recovery)

Communal Main at any 2, 3E and 3H £36,500

temperature (35 — 55°C) without
heat recovery

Communal Main at any 2R, 3ER, 3HR1, 3HR2 £41,000
temperature (35 — 55°C) with
heat recovery

For all the heat pump options, there will be a need for ventilation, particularly to the internal
bathrooms etc. In the base case, on the advice of Target Follow a figure of £1000 per flat
was used. The costs for the ventilation ducting etc. in the heat pump options should be
very similar at £1000.
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12.4. Internal Pipe work

All options require significant amount of internal pipe work. In the case of option 1, cool
water which has circulated through the ground loops and through the river heat exchanger
will be passed through the building. While this water is cool, the pipes must be insulated
otherwise condensation will collect on them and cause dampness problems. In options 2
and 3 without heat recovery, the same layout of pipes internally will be used, however in
this case warm water will be circulated and once again these pipes must be insulated.

For the communal options with heat recovery it is necessary to have a separate circuit to
pass cool water around the building to pick up heat from the exhaust ventilation. However,
since only a proportion of the ventilation heat will be recovered (design 50%), the heat
transmission through the pipes will be significantly less and fewer vertical risers will thus be
needed.

The prices for the internal pipe work are presented in Table 12.5.
Though relatively expensive, the Uponor range of products has many advantages in that
the pipes are pre-insulated and comes as a twin flow and return within the same overall

casing. Furthermore this configuration is flexible providing significant savings in installation.

Table 12.5 Pipe costs (unit prices). Data from Uponor, Eastern Heat Pumps, and Water
Furnace.

ltem Unit price Information from

Ground loops £30 per kW inc installation Water Furnace

Distribution Pipes |Twin Pre-insulated £37.47 per metre Eastern Heat Pumps/Uponor
Main Risers Twin Pre-insulated £66.94 per metre Eastern Heat Pumps/Uponor
Coupling For distribution pipes £11.45 each Eastern Heat Pumps/Uponor
T pieces For distribution pipes £10.03 each Eastern Heat Pumps/Uponor
Joints For distribution pipes £7.65 each Eastern Heat Pumps/Uponor
Elbow For distribution pipes £5.42 each Eastern Heat Pumps/Uponor
Coupling For main risers £27.65 each Eastern Heat Pumps/Uponor
T pieces For main risers £26.63 each Eastern Heat Pumps/Uponor
Joints For main risers £23.00 each Eastern Heat Pumps/Uponor
Elbow For main risers £14.61 each Eastern Heat Pumps/Uponor

The total cost of the components for the primary main are estimated at £53994
The total cost of the components for the recovery main are estimated at £23858

Installation of above pipe work: primary main £6773
recovery main  £3565

Both these installation figures were based on information provided by Uponor.

12.5. Additional Metering Costs

In all options other than for individual heat pumps in each flat it will be necessary to meter
the flow of heat from the communal main. There are two different versions of heat
metering which allow remote reading. One version achieves this via radio signals, the
other has dedicated wiring. Though the latter version is marginally more expensive, it
has the advantage that continuous monitoring is possible and this could be desirable
during the optimisation of the system.

In option 1, no heat metering is required, and energy consumption will be monitored
directly by the in flat electricity meters.
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With options 2, 2R, 3E, and 3ER there is only a requirement for one heat meter to monitor
the requirements for space heating alone. For options 2 and 2R, there will be a single
entry point of heat to each flat with a coil in the hot water cylinder. In options, 3E and
3ER, the top up to the hot water temperature is provided by electric resistive heating and
thus this additional energy requirement will be monitored via the normal electricity meters.

With the remaining options (i.e 3H, 3HR1 and 3HR2), the top up heat for hot water will be
provided via auxiliary heat pumps and the heat entering each flat for hot water will thus
need monitoring separately from the space heating meters.

A service can be provided by the heat meter suppliers to regularly read the various meters
and this service could be valuable if heat is supplied using an Energy Service Company.

Table 12.6. Heat Meter Costs for Options 2 and 3 -derived from quotation from Gil
Bilingham of Switch2 dated 24™ June 2004. The Service Charges are relevant for
consideration of Energy Service Company Operation.

Description 2 meters 1 meter

Option 1 Symphonic Radio System
Total £37,785
Cost Per Dwelling £353 £273

Option 2 Symphonic MBus
Total £45,945
Cost Per Dwelling £429 £339

12.6. Under floor Heating
The costs of under floor heating normally include the costs of laying a floor screed, but
since a new floor screed will be required even in the base case, it is only relevant to
include the additional cost of laying the pipes to be incorporated in the floor screed.
A realistic figure for this is £18 per sq m (quote by Eastern Heat Pumps).

For the flats the total cost will be as shown in Table 12.7:

Table 12.7. Under floor Heating Costs.

Number | Area per flat Cost per Total
of flats sqm
Average flat size (128 sq m): cost of 107 128 £18 £246,636
pipe laid/sq m £18 including controls
and manifolds
Pipe for communal areas including controls and 1157 £18 £20,818
manifolds

12.7. Heat Recovery Components and Boost Heat Coils

The costs of each item of these was assumed, in the absence of further information to be
£200 per item. This represents a total cost of £21,400 for the boost coils for the flats and a
similar sum for the heat recovery fan coils. If no heat recovery was being used for option
1, then only the boost coils would be required. For all the options 2 and 3, heat recovery
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is planned via the exhaust ducts which will also be needed in the base case, and thus only
recovery coils at communal points will be needed for heat recovery. It is assumed that
these heat recovery fan coils will be twice as expensive bring the total to £2800.

12.8. Hot Water Provision

The planned approach for hot water provision would be through the use of hot water
cylinders in each flat. For options 1 and 2 these could be normal single coil hot water
cylinders. However, if optional packages such as solar hot water heating were considered
for the top floor flats, then a dual coil tank should be installed to ensure easy upgrade for
solar. In the case of options 3E and 3ER, a normal single coil tank would suffice with
either an electric hot water immersion heater or one of the new direct acting instantaneous
hot water heaters. For the other options, i.e. options 3H, 3HR1, 3HR2 where the top up for
hot water is provided by auxiliary heat pumps, dual coil cylinders will be required, and these
options would preclude the use of solar hot water heating (unless triple coil hot water
cylinders were installed).

For the dual circuit cylinders, the lower circuit should be connected to the primary
circulating main in each flat with the top circuit connected to the auxiliary heat pump circuit.

The retail price of suitable dual circuit cylinders is £510 and this price has been used for all
calculations. As a consequence the options requiring a single circuit cylinder might be
slightly cheaper overall.

13. Cost benefit Analysis
13.1 Introduction

A cost benefit analysis is required to explore which, if any, of the proposed heat pump
options are likely to provide a financial benefit. To provide a convenient way to achieve
this, further sheets were linked to the main Spreadsheet to use the results as developed in
Fig. 8.1. to automatically compute the size of heat pump required according to the standard
sizes indicated in Table 12.1. At the same time, the energy requirements for the different
options (Fig. 8.1) were directly linked to the tariff information so that the annual savings for
each option could be computed directly.

To identify which of the nine heat pump options to select for more detailed analysis a
simplified analysis was used initially. In this it was assumed that in the individual heat
pump options the tariffs would be those quoted for domestic economy 7 for all energy used.
In the communal heat pump options, it was assumed that the SME Tariff quoted by
PowerGen would apply. The analysis, as with the case of capital prices was done
excluding VAT. This analysis allowed the choice of options to be narrowed to just two.
These options are discussed in more detail in Section 15.

In Fig. 11.1, the issue of the proportion of electricity used for running the heat pumps which
would be attributed to off peak electricity was considered. Based on this evidence and the
guidance from SAP (2005), a 39% off-peak load was assumed in the cost benefit analysis.
The relevant annual running costs from Tables 11.1 to 11.4 are directly linked to the Cost
Benefit Analysis Spreadsheet.

13.2 Results of Cost Benefit Analysis
The Cost Benefit Analysis was completed by examining the incremental additional costs of
the heat pump scheme and also the relevant annual savings. For all the heat pump

schemes, the costs were based on the figures given in section 12 and related to retail
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prices rather than those which would arise with bulk discounts. Several of the suppliers
have quoted discounts of around 20% -25% for the purchase of components in the
quantities envisaged in the project. However, not all components might attract such a
discount, and the actual level of price reduction will not be known until detailed layouts of
the pipe-work etc are known. However, to give an indication of the likely financial benefit,
the cost benefit analysis has been repeated using an average of 10% discount on all
components. The results are shown in Tables 13.1 and 13.2 for lifetimes of 15 and 10 years
respectively. In the following discussions, the advantages from such discounts will
generally be ignored and this will provide a sizeable contingency for any unforeseen costs
in a novel project like this. In Section 15, separate discounts for the different components

are explored further.

Table 13.1. Cost Benefit Analysis using a discount rate of 6% and 15 year life span (cumulative
discount factor = 10.07847). Example assumes a 39% use of off peak electricity.

Capital Annual | Additional Annual Net Present Value at
Cost Energy | Costs over | Savings over| 6% discount rate — 15
Cost base case | base case years
No discount| 10%
discount
Base Case B | £762,000 | £29,448 on capital
costs
Individual heat pumps
with no recovery 1 £876,584 | £21,107 | £114,584 £8,341 -£30,521 | £57,138
Individual heat pumps | 4o | ea97 984 | £19,315  £135984 | £10,133 | -£33.857 | £55,941
with recovery
Communal scheme 55°C| | p745 899 | £22,302 | -£13101 | £7,057 | £84220 |£159,110
main with no recovery
Communal scheme S5°C| oo | g0 070 | £21,481 | £44,072 | £7,967 | £36,228 |£116,835
main with recovery
Communal scheme with 3E
35°C and electric
resistive HW heating: £759,599 | £20,326 | -£2,401 £9,122 £94,336 |£170,296
with no recovery
Communal scheme with 3H
35°C and auxiliary heat
pump for HW: with no £791,057 | £14,927 | £29,057 £14,521 £117,294 |£196,400
recovery
Communal scheme with 3ER
35°C and electric
resistive HW heating: £816,772 | £19,339 | £54,772 £10,109 £47,112 |£128,789
with recovery
Communal scheme with 3HR
35°C and auxiliary heat
pump for HW: piggy 1 £848,230 | £13,940 | £86,230 £15,508 £70,070 |£154,893
back on primary main —
with recovery
Communal scheme with
35°C and auxiliary heat 3gR £848,230 | £14,508 | £86,230 | £14,941 | £64,348 |£149,171
pump for HW: on ' ' ' ’ ’ ’
recovery main — with
recovery

For most of the heat pump schemes, the capital costs work out to be more expensive than
the base case. In two options, the capital cost is estimated to be slightly cheaper.
However, unlike the case of the base case for which the opportunities for discounts are
already included, any discounts for the heat pump options have been deliberately excluded
at this stage for most aspects of the analysis.
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A typical discount rate of 6% was assumed and the viability of the project for a life span of
15 years was considered. The Net Present Value of all the Communal Heat Pump options
showed a net positive value and an internal rate of return of around 15% or more. The
highest positive benefit was £117,294 occurred for option 3H (i.e. a central main running at
35°C without heat recovery and hot water provided by auxiliary heat pumps running in
“piggy-back” fashion). The least attractive options financially are both schemes with
individual flat heat pumps. These individual heat pump schemes have a net cost over the
expected life time of around £30,000. The main reasons for this are:

a) The relatively high standing charge which has to be applied to all consumers,

rather than just once with the communal option,

b) The increased capital cost of such schemes.
On the other hand, both these schemes are cost effective if either discounts are available
on capital equipment (more likely than with the communal scheme), or capital grant are
available.

As an alternative, a life-time of 10 years was investigated (Table 13.2).

Table 13.2. Cost Benefit Analysis using a discount rate of 6% and 10 year life span (cumulative
discount factor = 7.689748). Example assumes a 39% use of off peak electricity.

Capital Annual | Additional Annual Net Present Value at
Cost Energy | Costs over | Savings over| 6% discount rate — 10
Cost base case | base case years
No discount| 10%
discount
on capital
costs
Base Case B £762,000 | £29,448
Individual heat pumps
with no recovery 1 £876,584 | £21,107 | £114,584 £8,341 -£50,445 | £37,214
Individual heatpumps | 4o | c97 984 | £10315 | £135984 | £10133 | -£58,063 | £31,736
with recovery
Communal scheme 55°C |, | o748 899 | £22302 | -£13101 | £7,057 | £67,364 |£142,254
main with no recovery
Communal scheme 55°C | 5o | £g06 070 | £21,.481 | £44,072 £7,967 | £17,196 | £97,803
main with recovery
Communal scheme with
35°C and electric * £759,599 | £20,326 | -£2,401 £0122 | £72,546 |£148,506
resistive HW heating: ' ' et ' ' '
with no recovery
Communal scheme with 3H
35°C and auxiliary heat
sump for HW: with no £791,057 | £14,927 | £29,057 £14,521 £82,607 |£161,713
recovery
Communal scheme with 3ER
35°C and electric
esistive HW heating: £816,772 | £19,339 | £54,772 £10,109 £22,964 |£104,641
with recovery
Communal scheme with 3HR1
35°C and auxiliary heat
oump for HW: piggy £848,230 | £13,940 | £86,230 £15,508 £33,025 |£117,848
back on primary main —
with recovery
Communal scheme with
35°C and awiiary heat | - £848,230 | £14,508 | £86,230 | £14,941 | £28,659 |£113,482
pump for HW: on ' ' ' ’ ’ ’
recovery main - with
recovery
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The schemes are all less attractive than for the 15 year life time consideration. The most
attractive scheme has a positive net present value of around £82,000 once again for option
3H.

In the subsequent analyses, a life time of 15 years has been assumed, being typical for
plant such as these.

13.3 Changes in Fuel Prices

In the cost benefit analysis, it was assumed that fuel prices remain constant over the project
life. In this case, this is a reasonable assumption as both gas prices and electricity prices
are likely to rise in the future. Gas prices in the UK are already rising as the North Sea
reserves become depleted over the next few years and increasing amounts have to be
imported from overseas. While wholesale electricity prices fell dramatically over the first
12 — 18 months after the introduction of the New Electricity Trading Arrangements (NETA)
on 27" March 2001, the wholesale prices have now risen sharply in the last 12 months
reflecting the rises in the gas prices.

From 1% January 2005, the Electricity Supply Industry will be affected by the EU Carbon
Emissions Trading System, and the UK National Allocation Plan published in April 2004
calls for a reduction of 15.3% in the carbon dioxide emissions arising from the generation of
electricity. As nearly 40% of the generation comes from coal which has a high emission
rate of carbon dioxide, it is likely that gas will become more dominant in the future, and
projections for 2020 suggest as much as 70% could come from gas generation. In this
situation, electricity price rises are likely to mirror rises in gas prices but at a slightly reduce
level. There will thus be little error in ignoring fuel price rises. Indeed, if the percentage
rise is the same for both fuels the actual saving would also increase, and thus the
assumption ignoring fuel price rises is likely to be a conservative assumption. If on the
other hand, as is already apparent (late August 2004), gas prices rise more rapidly than
electricity, then all the heat pump schemes will become more attractive financially. Only if
there was a substantial move away from gas generation to fuels which are more costly than
gas would the reverse be true. This is a very unlikely scenario in the next 20 years.

13.4. Selection of Viable Options

Of the nine heat pump options considered, seven were based around a communal heat
pump configuration, and the net present value of the schemes over 15 years was similar,
varying in the range £36000 - £117000.

The two individual heat pump schemes are noticeably less attractive financially, but since
both schemes have a similar net present value, it makes sense to choose only the one with
provision for heat recovery (i.e. option 1R). The option without heat recovery emits 13%
more carbon dioxide. Option 1R will be retained for further analysis

The options with the high temperature communal main had noticeably higher (>33%)
carbon dioxide emissions and can be rejected (Table 10.1). Of the communal options with
the communal main operating at 35°C, both options 3E and 3ER (with electric restive top up
heating — with and without heat recovery) have noticeably higher emissions than the other
variants of option 3 and these too can be rejected.

This leaves three communal options, namely 3H, 3HR1, and 3HR2. While option 3H,
which incorporates an auxiliary heat pump for hot water top up, is the most financially
attractive, both the other options have a greater saving in carbon dioxide. The
attractiveness of option 3H will decline compared to the other two if either discounts on the
capital costs or fuel prices rise in the future. Option 3HR1 (i.e. supplying top up hot water
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using a piggy-back heat pump running off the primary main) has the lowest carbon
emission of all the communal schemes, but for reasons discussed in section 8 there may be
practical difficulties using this configuration. Option 3HR2 (deriving the top up hot water
heating from the heat recovery main) does not suffer from the same practical problems, and

the environmental performance is only slightly inferior.
is thus the one proposed for the project.

This communal option (i.e. 3HR2)

The selected options for further discussion from Table 13.1 are displayed in tables 13.3.

Table 13.3. Cost Benefit Analysis for selected options

Capital Annual | Additional Annual Net Present Value at
Cost Energy | Costs over | Savings over| 6% discount rate — 15
Cost base case | base case years
No discount| 10%
discount
Base Case B | £762,000 | £29,448 on capital
costs
Individual heat pumps
with recovery 1R | £897,984 | £19,315 | £135,984 £10,133 -£33,857 | £55,941
Communal scheme with
35°C and auxiliary heat | 500 | 0asg 030 | 214,508 | £86,230 | £14.041 | £64,348 |£149171
pump for HW: on ’ ’ ’ ’ ’ ’
recovery main - with
recovery

The environmental impact of the two heat pump options is shown in Table 13.4. The
figures are derived from Table 10.1.

Table 13.4 Delivered Energy and Carbon Dioxide Emissions for selected options.

Carbon
Annual Delivered Energy (kWh) Dioxide

(tonnes)
Option Code Gas Electricity | Pumps Total Total
Base Case B 1865031 31799 361
Individual heat pumps with recovery 1R 260940 42486 303426 130
Communal scheme with 35°C and
auxiliary heat pump for HW: on recovery 3HR2 274503 63948 338451 146
main - with recovery

The total carbon dioxide emissions and consequential savings over the project life time of
15 years together with the financial position are summarised in Table 13.5.

It is clear that significant savings in carbon dioxide are possible and at prices which are cost
effective in the case of the communal heat pump schemes. As columns 8 and 9 indicate,
there is a benefit (i.e. saving) for this abatement of £19.95 a tonne if there are no discounts
on capital prices. This means that such schemes would be attractive for carbon reduction
when compared with the current trading prices (end of July 2004) in the EU Carbon
Emissions Trading Scheme (i.e. a cost of 7 — 10 Euros a tonne). As carbon reduction
schemes are adopted in the future, those which are most cost effective will be adopted first
and the present trading prices give an indication of the prices organisations are prepared to
pay to achieve this. However, the individual heat pump scheme only really becomes
attractive for carbon dioxide reduction if there are either discounts on the capital equipment
or capital grants available of the order of £50,000 - £70,000.
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Table 13.5 Summary of carbon dioxide emissions for the selected cases. A negative figure in the
last two columns indicates that the reduction can be made and a financial saving

made.
CO0, Co, Co, Net Net Present| Net cost Net cost
Option Code emitted | saved | saved Present Value of |(-saving) by|(-saving) by
per annum| annum | over 15 | Value of scheme reducing reducing
years scheme CO.. CO:..
No 10% Without | With 10%
(tonnes) |(tonnes)| (tonnes) discount |Discount on|discount on | discount on
on capital capital capital capital
costs costs prices prices
Base Case 361
Individual heat pumps| 42 | 439 231 | 3465 | -£33,857 | £55941 | £9.77 | -£16.14
with recovery
CommL(J)naI scheme
with 35°C and 3HR2
auxiliary heat pump 146 215 3225 £64,348 £149,171 -£19.95 -£46.25
for HW: on recovery
main — with recovery

13.5. Concluding Remarks

It is apparent from the previous section that adopting a scheme with individual heat pumps
in each flat is less cost effective than the communal schemes at present fuel prices and
present capital costs. The net present value of the individual schemes over 15 years is
negative unless grants or equipment discounts are available. However, as this option
mirrors most closely the base case in terms of control and functionality it is an option which
still warrants careful analysis and consideration. There are also advantages with individual
flat schemes, in terms of ownership, over the communal schemes.

It is apparent that a relatively small discount on the capital and installation costs of around
10% would make individual flat heat pump schemes much more viable. Alternatively, a
Grant (available via the EST as part of their Innovation Programme) could offset the
additional capital cost of around £50,000 - £75,000 and would also make the scheme
viable.

The communal heat pump schemes are all financially attractive, and in addition there is the
possibility that the effective use of off peak electricity could be significantly increased by
using the two very large storage tanks still in the building. Not only would their use
significantly reduce the effective unit charges for electricity, but there would be savings in
that the tanks would not have to be removed, thereby saving perhaps several tens of
thousands of pounds in the refurbishment. However, as the full condition of the tanks is
not known, it would be unwise to include these potential benefits at this stage.

In the analysis, the tariffs for domestic electricity were taken from the standard prices
available from four different suppliers. In a related study, Scarborough Borough Council
(January 2002) negotiated a special heat pump tariff with Northern Electricity. It is
assumed that this is similar to the 24 hour heating tariff suggested in the SAP 2005
consultation document. However, Northern Electricity no longer exists having been taken
over by nPower, and there currently appears not to be any special heat pump tariff
available (see section 11.3 for a further discussion on this matter). Clearly any such tariff
is likely to make the project more attractive. However, in common with the other aspects of
this analysis, and in the absence of definitive or guarantees that such a tariff would exist in
the future, this was not considered further.
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14. Ownership of Heating Appliances

The question of ownership of heating appliances in a project such as this is important. The
three final options selected in section 13.4 will be used in this discussion.

14.1 Base case Gas Condensing Boiler Option

The normal practice for this option would be for the capital cost of the heating appliances
within each flat to included in the purchase price of the flat. Heating provision in the
communal areas, and presumably the cost of provision of the communal gas mains would
come as part of the infrastructure costs owned by the management company and paid for
via an annual management charge. There would thus be a clear distinction between the
ownership of those appliances within each flat and the communal areas. Energy use
within the communal areas for heating, lighting etc would also come under the annual
management charge.

Any alternative financing, such as apportioning the capital cost among the flats would
create problems over ownership.

14.2. Individual Heat Pump Option (with Heat Recovery, Option 1R)

This option has individual heat pumps in each flat and a communal main connected to the
ground loops and the river extraction. In this situation, the individual heat pumps would be
owned by the flat owners while the communal equipment, i.e. the ground coils, the river
extraction, and the internal pipe work throughout the communal areas would be owned by
the Management Company of the building. An annual management charge would pay for
the infra-structure costs on top of which would be the actual energy costs for heating
communal areas as would be the situation in the base case.

14.3. Communal Heat Pump Option (with Heat Recovery, Option 3HR2)

This communal heat pump option involves space heating provided by a communal main, a
heat recovery main and heat pumps for top up of hot water. Within each flat there would
be two heat meters and a hot water cylinder.  The cylinder and under floor pipe work in
each flat would be owned by the flat holder, but all the other equipment would be owned by
the Management Company or preferably an Energy Service Company.

Two options for financing the scheme are possible:

i). Only the hot water cylinder and the under floor heating pipes would be
purchased by the flat owners. The remainder of the equipment would be owned
and operated by an Energy Service Company or the management company.
Charges for the infra-structure would be included in the annual management
bills.  This option would lead to cheaper flats as the normal costs for providing
space and hot water heating would not apply. The cost of the flat could perhaps
be reduced by £1000 or more. On the other hand the management costs would
be higher to cover the capital costs of the infra-structure.

ii). The second option would involve the flat purchasers paying the same price as
they would have done for the default base case. Of the money received, the
equivalent sum to the costs of gas central heating would be transferred to the
Energy Service Company who would use this to partly offset the capital cost of
the project. The additional capital cost of the communal plant of this scheme
over the base case for each flat would then be recouped by the Energy Service
Company by selling heat to the flats at an appropriate rate over a period of
years.
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While the initial equipment would be paid in part by the flat owners, it will be
necessary to build up a fund for eventual replacement costs for the heat pumps
say after 15 years and the pipe work after 50 years.

The actual figures of the management charge attributable to energy supply may be
estimated as shown in the next section.

15. Financing the Heat Pump Options

15.1. Introduction

This section examines in more detail the costs and benefits of the selected options and how
they might be financed and managed. The normal approach would be for the purchaser of
a flat to purchase all the equipment associated with heating which is inside the flat, and pay
for any energy used in the normal way. It is assumed that there will be no charge for
installation of electricity meters as these would be provided by the utility company. This
would be the situation for the base case gas boiler scheme. Associated with this scheme
are installations which are part of the main fabric of the building including ventilation ducts,
provision of heating for the communal areas, and installation of the gas, electricity, water,
and sewer mains throughout the building. The last three of these utilities will have to be
provided whichever option is chosen and can thus be largely disregarded in any financial
appraisal as the cost should be similar for all options. For the base case, the gas main will
need to be provided. For the heat pump options, this gas main will not be needed.

In all the options it is necessary to identify that equipment which will be entirely within a flat
and thus included as part of the purchase price of the flat, and those items which are
communal. In a similar way, the heating energy requirements for the flats must be
separated from that used in the communal areas.

15.2. Capital costs of equipment

Table 15.1. The equipment costs in the individual flats: - the figures shown are for no discount on
heat pump equipment

Equipment in Standard | Under floor [Hot Water Heat ([Fan/Boost| Total | Total all flats
Individual Flats Heating heating Cylinder Meters Coils

Base Case £4,500 £4,500 | £481,500
Option 1R £400 £6,018 | £643,940
Option 3HR2 £400 £3,644 | £389,951

In Section 13.2, alternative analyses were completed assuming a typical 10% discount on
average on all heat pump equipment. In reality, there is likely to be little discount on some
items, but 20 — 25%+ discount on others. Those items which are unlikely to attract much
discount were treated without discount. These items include the under floor heating, the
standard heating systems, and the heat meters. The remaining items were assumed as an
alternative to attract a 20% discount as shown in Table 15.2.

Table 15.2. Equipment costs for individual flats including discounts where relevant.

Equipment in Individual Flats | 20% Discount | Total all flats
Base Case £4 500* £481,500
Option 1R £5,276 £564,479
Option 3HR2 £3,462 £370,477

* original figure for base case already includes any discount available.
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Table 15.3 summarises the items of equipment associated with the communal plant and
areas in each option. As with Table 15.1, the figures shown are without any discount.

Table 15.4 summarises the equivalent situation with a 20% discount on selected items.
15.3 Energy Consumption and running Costs

For the detailed analysis in this section, the energy attributed to the communal areas and
the individual flats must be treated separately as in some instances differential tariffs will be
in used. For example in the individual heat pump option, the flat owners would be charged
at the normal domestic rate while the management company operating the building would
be charged at the SME Rate. The relevant energy consumption data are shown in Table
15.5.

In addition to identifying where the energy is being consumed it is also important to
separate the energy consumption between night and day-time and also identify the energy
consumption per flat. This information is displayed in Table 15.6.

Using the tariff information from Tables 11.1, 11.3 and 11.4, the annual running costs of
both the individual flats and communal areas may be ascertained. Table 11.2 shows
Green Tariffs and these are not included in the analysis as these would be a matter of
choice for the individual flat occupiers and would only be relevant in option 1R. A summary
of the running costs is shown in Table 15.7.

15.4 Base Case — Condensing Gas Boilers

The annual cost for heating and providing hot water each flat is estimated at £350.51 for
the base case condensing boiler option. In addition, £38.61 will be the annual pro-rata
energy charge to account for energy consumed in communal areas. While the capital
costs of heating equipment in each flat will be £4,500, and will be part of the ownership of
the flat, there will be the equivalent of £2621.50 as a cost to each flat to pay for the central
plant and heating in communal areas. While this might be incorporated as an increase in
the selling price, issues over ownership of the communal plant may arise, and an
alternative would be an annual management charge. If this latter option is taken and
assuming that the management company of the flats required a 10% return on investment
over a 15 year period, then the annual charge to each flat via a management charge would
be around £368.72 per annum for energy services. This figure of £368.72 includes the
annual energy cost of £38.61 mentioned above. On top of this figure are likely to be other
non-energy maintenance charges, but since these will be similar in all options they can be
discounted in this analysis.

A summary of the situation is shown in Table 15.8.
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Table 15.3 Cost of equipment items for central plant and communal areas. In the case of Option 1R, the same pump may be used for the
ground coils and the primary main

Communal | ventilation | communal [Gas Main| communal Ground Primary/ Pipe Main Heat | Auxiliary | Communal Total Individual | Total Cost of
Equipment heating heating Loops and | recovery Work Pumps [HW Heat| Recovery | Communal Flat Option
equipment Under Floor River Main Pumps | Fan Coils Area Equipment
heating extraction Pumps Equipment | from Table
15.1.
Base Case £107,000 | £120,000 |£53,500 £280,500 | £481,500 | £762,000

£21,804 | £35,358 n/a £60,767 £2,800 | £254,044 | £643,940 | £897,984

Option 1R £107,000 | £26,316

Option 3HR2 | £107,000 £21,804 | £35,358 | £8,500 [£96,540|£153,750|£32,528 | £2,800 | £458,279 | £389,951 | £848,230

Table 15.4 Summary table with discount applied to following items: communal heating equipment (Option 1R only), Main heat pumps, auxiliary
heat pumps, recovery fan coils.

Communal Total Communal Area Individual Flat Total Cost of Option
Equipment Equipment including Equipment from
discount where relevant Table 15.2.
Base Case £280,500 £481,500 £762,000
Option 1R £248,221 £564,479 £812,700
Option 3HR2 £420,464 £370,477 £790,941

Table 15.5. Energy requirements for the different options split between the different component aspects.

Consumption Data Communal Gas Consumption Individual | Communal | Main Heat | Auxiliary | Individual | Communal
Pumps Heat Pumps Heat Pumps Heat Electricity | Electricity
Individual | Communal Pumps Pumps
kWH kWH kWH kWH kWH kWH KWH kWH kWH

Base Case 1322409 179254 \
Option 1R 42 486 229791 31148 229791 73,634
Option 3HR2 63,948 242276 338,451
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Table 15.6. Energy Consumption in individual flats and communal areas by day and night

Gas Consumption Electricity
total per flat | communal Total Total Individual | Individual | Communal | Communal
Individual | Individual Day Time | Night Time | Day Time Night Time
Day Time | Night Time per flat per flat
kWh kWh kWh kWh kWh kWh kWh kWh kWh
Base Case 1322409 | 12359 179254
Option 3HR2 206338 132114

Table 15.7. Annual Energy Costs for Flats and Communal Areas: annual apportioned charges of communal areas to individual flats

Gas Consumption Electricity Average Energy Bill
Communal | Annual charge individual flat areas
Annual Communal Annual Communal | Total Annual [Area annual| of communal
running cost| Area annual [running cost| Area annual |Running Cost costs areas Total Per flat
per flat running costs per flat  [running costs| Central apportioned to
Scheme each flat
Base Case £219 £2,764 | £2,764 £25.83 £219
Option 1R £3,197 £29.88 £149
Option 3HR2 £14,508 £1,732 £16.18 £12,776 £119
Table 15.8. Summary of costs and benefits of energy costs and management costs
Capital Extra annual annual | Communal [ communal | annual Total Additional | Annual Service charge to
Costin | Costper | running | saving Capital capital energy | communal | Communal give a return on
each flat | flat over | costof |compared Costs costs per |charges| charges | Costs per | investment of 10% per
base case| each flat | to base flat over 15 | flat over 15 |annum and pay off capital
case years years in 15 years
Table 15.7 154 difference
Base Case £4,500 £280,500 | £2,621 [£25.83] £3,009 | £378.91
No discounts on equipment
Option 1R £6,018 | £1,518 £149 £70 £254,044 | £2,374 |£29.88| £2,822 -£187 £355.42 -£23.49
Option 3HR2 £3,644 | -£856 £119 £99 £458279 | £4,283 |£16.18| £4,526 £1,518 £569.92 £191.00
Discounts on Equipment (using average of 10%)
Option 1R £5,647 | £1,147 £149 £70 £251,132 | £2,347 |£29.88| £2,795 -£214 £351.99 -£26.92
Option 3HR2 £3,553 | -£947 £119 £99 £439,371 £4106 |£16.18| £4,349 £1,340 £547.66 £168.75
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15.5 Option 1R: Individual Heat Pumps in each flat

A comparison of the financial situation of option 1R is given in Table 15.8 for two cases: i)
where no discount is assumed on equipment (i.e. retail prices are used), and (ii) where an
average discount of 10% is used on selected items as discussed in Section 15.2. (the
difference between using an average discount of 10% across all items and 20% on selected
items only is relatively small and amounts to less than £100 per flat). As with the base case
it is assumed that any annual management charges associated to the communal infra-
structure will be paid by a management charge to give the management company a 10%
return on investment over 15 years.

Without any equipment discounts, the extra capital cost per flat works out to be £1518.
However, the running costs reduce by £70 per annum, and further there is a reduction of
£23 in the annual service charge making a total saving of £93 per annum. The actual
annual service charge of £355 includes the energy costs for heating the communal areas
and compares with the base case value of £379.

If the discounts are included, then the extra cost per flat works out at £1,147, while the
annual service charge would reduce by £27 compared to the base case. The annual
energy costs for running the heat pumps in the individual flats would remain the same.

From the perspective of the flat owners, and assuming they are also the occupants, the
additional cost of £1518 would be recouped in the period of a normal mortgage of 20 — 25
years from the resulting savings.  If energy prices continue to rise (which is more likely
than not), the savings will increase making the option more attractive. The financial
situation would be improved further if gas prices rise faster than electricity prices (which
under present conditions also seems likely). If discounts on capital equipment are
incorporated into the analysis, then the financial situation improves further. Green Tariffs
are less financially attractive, although with life times over 20 years, there is still a small
positive return on investment.

Table 15.9. Internal Rate of Return of savings on additional capital cost for the individual
heat pump scheme. The situation without a discount is illustrated with the final column
showing data using the PowerGen Green Tariff .

Effective Internal rate of Return
No discount on Discount on Green Tariff —
equipment Equipment No Discounts
15 years n/a 3.50% n/a
20 years 2.27% 6.00% 0.98%
25 years 3.86% 7.12% 2.77%

Option 1R with separate heat pumps in each flat can be financed in exactly the same way
as the base case. The above data shows that the relatively small increase in the capital
costs of £1518 (without equipment discounts) or £1147 (if discounts are available) are
recouped by increased savings in energy costs and lower management charges in a
realistic time scale. Further more, the money invested by the management company in the
communal infrastructure is paid back within 15 years with a return of 10%.

Energy consumption by each individual flat will be monitored by normal electricity meters

and thus under the direct control of the flat occupant. The occupant would have the option
to use a Green Tariff if they wished, although these are at present financially less attractive.
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15.6 Option 3HR2: Communal Heat Pump Scheme

For the communal Heat Pump Option, a complication over ownership of plant arises.
Initially, a similar financial study to that described in section 15.5 will be considered. Later
the issues of ownership will be covered. Table 15.10 extracts the key information from
Table 15.8.

Several important points arise:

i). Unlike the individual heat pump scheme, the equipment costs in each flat are cheaper
than for the base case (by £856 if no discount on equipment prices is available).

ii). The financial savings in running costs are greater than in the individual heat pump
scheme (largely because the tariff used is an SME tariff rather than a standard tariff).

iii). The total additional management charges over 15 years will be £1517 greater and this
could be serviced by an additional management charge of £191 per annum

Table 15.10 Summary information for the Communal Heat Pump Scheme

Capital Extra annual Annual Total Additional Annual Service
Costin | Costper | running saving | communal | Communal charge to give a
each flat | flat over | costof |compared| charges | Costs per |return on investment
base case| each flat | to base over 15 |flatover 15| of 10% per annum
case years years and pay off capital in
15 years
difference
Base Case £4,500 £379
No discounts on equipment
[Option 3HR2 | £3,644 | -£856 | £119 | £99 | £4526 | £1517 | £570 | £191 |

Discounts on Equipment (using average of 10%)

|Option 3HR2

| £3553 | -£947 | £119 |

£99

| £4349 | £1340 | £548 | £169 |

While there is an increased management charge of £191 this is partly compensated by
increased savings so there will be a net increase of £93 per annum (i.e. £191 - £99). On
the other hand, the flat itself would be £856 cheaper. If discounts are available, the net
additional management charge would be £61 per annum higher, but the flat will be over
£947 cheaper on average.

An alternative way to consider the analysis for this option is to consider that the price of the
flat is identical with the base case, and the saving indicated above is deducted from the
total management charge over say 15 years. The results of this would be as summarised
in Table 15.11.

Table 15.11 Summary information for the Communal Heat Pump Scheme. In this table the
flats are charged the same as in the base case, and the saving is deducted from the total
management charge.

Capital | Extra Cost | Annual NET Total Additional Annual Service
Costin |per flat over| saving communal Communal charge to give a
each flat | base case [compared |charges over 15| Costs per flat | return on investment
to base years —i.e. over 15 years | of 10% per annum
case subtracting and pay off capital in
saving on flat 15 years
difference
Base Case | £4500 GGG 00 T ::7° |
No discounts on equipment
Option 3HR2 | £3644 | -£856 | £99 | £3670 | £661 | £462 | £83
Discounts on Equipment
Option 3HR2 | £3553 | -£947 | £119 | £3402 | £393 | £428 | £50
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This table shows that the communal heat pump scheme would be more effective financially
with both reductions in energy costs and management costs as compared with the analysis
in Table 15.10. However, there could still be slightly increased management charges
compared to the base case. Presented in this manner makes the package more attractive
as the saving in the flat price is used at the start to pay off the management charge rather
than see interest charges accrue as in the first presentation above. Some purchasers may
prefer this option — e.g. pensioners who have a lump sum which they could use to offset
future management charges. However, presentation in this manner might raise legal issues
as to ownership of the communal plant.

Perhaps the best approach would be via an Energy Service Company. Purchasers would
purchase the flat in the normal way and be given the option of a slightly cheaper flat or the
same price flat with cheaper management charges. Ownership would be retained with the
Energy Service Company for all components other than those directly in each flat. If the
purchaser chose to pay the same price as for the base case, then the price differential
would be paid into a bond which would be used by the Energy Service Company to service
much of the management costs in future years. At the sale of a flat, any residue in the
bond could be transferred to the new owners and the price of sale would reflect this.
Alternatively, the new owners would have the option of purchasing the flat without the bond,
in which case the full management charges would be incurred.

In the analysis of the communal system it was assumed that a SME Tariff was applicable,
and this makes the communal option significantly more attractive than the individual heat
pump scheme. To achieve this tariff, however, a management or Energy Service Company
would have to exist. They would purchase electricity to run all the heat pumps, and in turn
would charge the flat owners on the basis of heat delivered.

As there would be heat meters in each flat, each flat would be responsible for its energy
use, and like a traditional gas boiler, and one flat owner who was conscientious on energy
conservation would reap the financial benefit.

Three methods of charging for the heat delivered need consideration:

i). The Energy Service Company would apply a fixed standing charge to cover the cost of
the initial capital investment as implied in the examples above. There would then be a
charge for the actual units used. This would be determined retrospectively once the
charges for electricity for running the heat pumps had been received. This cost would
be distributed to each flat in proportion to the actual usage of heat as determined from
the heat meters.

ii). The Energy Service Company would apply a fixed standing charge as indicated in (i),
but would charge a previously declared unit price for each unit of heat supplied. This
option would mean that flat owners were clear on exactly how much they were to pay
as they went along. On the other hand, the Energy Service Company would take the
risks if, for example, the proportion of on-peak to off-peak electricity varied.

ii). The Energy Service Company would make no standing charge, and instead the costs
of the capital equipment would be recovered from increased unit charges.

Which ever of the above approaches is used will depend on the structure of the Energy
Service Company as this is beyond the scope of this present study.
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Optional Energy Efficiency Packages

16.1 Introduction

There is a debate as to whether potential purchasers of new residences would be prepared
to pay a higher initial cost in return for later savings. Marketing can raise the price of a
dwelling by the provision of additional features. Often, however, purchasers of dwellings
are given limited opportunity to incorporate optional extras. Often the comment is heard,
that people will not be prepared to pay extra. This is surprising as it is rare when purchasing
a car, for example, for the purchaser to opt solely for the basic model. Additional features
such as air-conditioning, extra gadgets etc are extras which are often purchased. Equally,
there is a growing interest among customers to pay extra for organic foods in
supermarkets.

In this study it was intended that the question of optional features such as solar-hot water
heating, solar photo-voltaics might be explored. However, it is necessary to consider what
the reality of the situation is. Are the developers, builders and Estate Agents correct in their
assertion that option extra packages cannot be sold? Is it a question of how the product is
marketed? It appears that little or no objective research has been done in the UK on this
matter. Consequently, two separate view points were sought representing different
standpoints. These are displayed below: first the slightly sceptic view based on direct
contact with those marketing, and secondly independent research done by the CRed Team.

16.2 Energy Efficiency as a Marketable Feature. written by July 2004 - K McDougall,
Highcourt Developments Ltd.

16.2.1. INTRODUCTION

Confident of the current media enthusiasm for stories about energy efficient
innovation in buildings we undertook to review the available data on a national scale
relating to residential price premiums achieved in response to the adoption of the
green technologies by developers.

We asked whether the following features and environmental efficiency measures in
general were features for which buyers would pay more, and if so, how much. In
particular we sought to know buyers willingness to pay for the following features:

1)  Increased insulation levels above minimum Building Regs

2)  Triple glazing (this could be offered more generally)

3)  Photo voltaic cells

4)  Solar water heating

5) Fabric cooling (not of special importance in the UK residential market, but
arguably energy efficient in its potential for impacting air-conditioning power
consumption)

16.2.2 Findings
As far as we can ascertain there is no data.
For this conclusion we rely on the following parties:
BRE Ecohomes, a subsidiary of The Foundation for the Built Environment (Verbal
communication July 2004): “No such data exists. This is a subject for new research

for which we are seeking funding”

FPD Savills: “We have consulted all our UK branches (41) and none of our
residential teams are prepared to say that home buyers will pay more for
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16.3.2

environmental features in new homes” — Richard Aldous, Associate Director, Savills
New Homes, Ipswich.

“There is no data available. As far as | am aware there has been no success at
getting people to pay more on any scheme Savills have been involved with. | could
not recommend a developer to incur extra costs for green technology in the hope of
raising revenues” - Richard Donnell, UK Head of Residential Research, FPD Savills.
More research is needed to ascertain the true position and the key attributes that do
add to value.

In terms of credentials The Foundation for the Built Environment needs little
explanation, but it is worth noting that FPD Savills currently sell about 3000 new
homes per year in the UK, representing just over £1 billion by value. We value their
opinion.

Conclusions
We highlight three important points from these findings.

Savills are doubtful even that revenues can be raised by offering “green
features”. This is highly significant and it should be noted that they are not
commenting on increasing profits but simple revenue contribution. In other words if
a builder were to expend say £10,000 extra on energy efficient technology in a new
home, over and above that required by regulations, Savills are not confident of even
achieving one pound in reward, let alone of making a profit (ie. revenues of £10,001
or more) from the initiative.

There is a dichotomy between the party benefiting from green specifications,
and the party paying for them. This is a common dilemma for commercial office
landlords, but office tenants facing reduced service charges through lowered heating
and air conditioning are usually professionally advised and reasonably receptive to
leasing space in buildings where running costs are annually quantified and lower
than for competing buildings.

We believe that there may be merit in exploring a mathematical model for
pricing extra value for homes with high energy efficiency by reference to running
costs. It should be possible for buyers to value SAVINGS of running costs, (or
savings in service charges received from their management company. Eg. if the
developer was able to say "the following package of features will mean your annual
outgoings will be £500 less per annum going forward into perpetuity", then a yield of
say 8% could be attached (ie. 500/0.08=£6250) and offered at a discounted cost,
say £5000. ie. the flat with the eco features costs £5000 more. Provided the
developer does not expend more than £5000 per flat on the energy efficient options
then he has no disincentive for being an adopter of green technology.

For real accuracy in modelling the cost benefit equation a simple Net Present Value
could be ascertained, which has the benefit of addressing replacement and repairs
for any expendable. (For instance photo-voltaic cells may have a shorter life than a
brick and mortar house). This may be a refinement too far of course in a market
climate that puts no premium on such items.

Of particular importance is the practicality of assembling the underlying cost savings
on homes which are not yet built. We believe that auditing energy use should be
possible for a full year on new houses where a developer constructs to formulaic
design for a number of years. In our experience this is less common than in the
past, as in-house architects have to some extent responded to the idea that buyers
like to own homes that differ from those of their neighbours. Frequently, however
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this is achieved by separation of identical house types, so there may be several of
the same on each development but they are pepper-potted locationally to avoid
obvious uniformity within the street. Apartment blocks are generally of a unique
nature and while flats themselves may be of relatively few types, the qualities and
features of different blocks may impact considerably on the performance of the units
within. This of course is inarguable in refurbishment schemes where old buildings
are regenerated. The public sector (affordable housing) may be a market where
the running costs argument resonates. Professional specifiers for clients who face
both the cost and the reward ends of the equation may be receptive to a capitalised
annual-benefit argument.

16.2.4 Summary

Our overriding view is that private house purchases are emotive purchases, and
may not be particularly amenable to a financial argument based on the sales
person’s carefully crafted financial logic. The market, as summarised by Messrs
FPD Sauvills, is saying loud and clear that the discount for capitalised future energy
savings is 100%.

16.3 Estimating Consumer Demand for Low Carbon Housing - The Current
Position: written by Jennifer Monahan of the CRed Team.

16.3.1 Introduction.

It has long been recognised that the domestic sector is responsible for a substantial
proportion of the UK's carbon dioxide emissions, currently 27% by end use (DETR
2000). These emissions can be drastically reduced through measures such as
enhancing a buildings thermal envelope, increasing the use of energy efficient
appliances and embedding energy generation geographically closer to the final end
user (RCEP 2000).

The UK Government recognises this and, since the 1970’s has been moving the
UK’s housing stock towards being more energy efficient by increasing the thermal
integrity of all new buildings and certain renovation work via the UK Building
Regulations as part of the UK Climate Change programme (DTLR 2002). These
efforts are somewhat negated by the institutional reluctance of house builders to
build houses at any standard higher than the minimum standard required, indeed
work by the WWF One Million Sustainable Homes initiative suggests that current
regulation standards may be seen as aspirational.

The building industry argues that they build houses that their customer base wants
and is willing to buy. A review of the literature undertaken shows that there has
been very little consumer research published to justify the reactionary position of the
building industry.

A recent report commissioned by the National Home Energy Rating Scheme
indicates that consumers are neither being given the choice or the relevant
information in order to make decisions based on the energy efficiency of a new
home. This is made on the assertion that the consumer does not use energy
information when making house purchase decisions (NHER 2003). The report cites
two surveys, one by a leading high street mortgage lender and the other by Gallop
that contradicts this institutional view. Both reported that energy efficiency was a
factor in purchase decisions and that 70% of consumers would be willing to pay
more for more energy efficient homes.

A clear need has been identified to consult with potential future housing consumers
on this issue. Establishing whether the consumer will accept more energy efficient

67



homes (this is inclusive not only of increased thermal standards but also renewable
technologies) and will be willing to pay more for such homes will provide evidence to
developers nationally.

16.3.2 Hedonic pricing literature review.

Much of the prior work on consumer attitudes to energy efficiency can be found in
the hedonic pricing literature. Without exception it was all carried out in the USA, no
literature has been identified using UK data. The studies used housing already
circulating on the housing market and data on energy use from utility companies.
Table 16.1 below sets out the findings of the key studies considered at current
dollar values and UK pound values. All the studies consistently find an implicit value
for every dollar reduction in energy bills clearly showing that energy efficiency is
capitalised into a house purchase price.

Nine published papers were surveyed for the results of the application of hedonic
pricing models. The earliest study used data from specifically identified energy
efficient homes and found that these sold for approximately a 3.5% premium above
the equivalent standard homes (Gutterman 1980). Corgol et al, 1982 confirmed this
in their findings, energy efficient homes were approximately $3,248 higher than
equivalent inefficient homes.

Table 16.1: Details of key studies and conversion of findings to implicit value of a dollar reduction
in annual fuel bill (taken from: Dubin 1992

Study and date Region Efficiency proxy Implicit value of a one | Implict

dollar reduction in value/£

annual fuel bill
original 2003
Johnson and Knoxuville, Annual household 20.73 37.55 21.63
Kasserman, 1983 | Tennessee utility bill
Longstreth et al, Columbus Annual household 13.88 14 .48
1984 Ohio consumption of gas
Laquatra, 1986 Minneapolis, | Thermal Integrity 46.64 48.66
Minnesota Factor
Dinan and Greater Des | Predicted fuel bills per 11.63 12.14
Miranowski, 1986 | Moines, lowa | square foot of heated
floor area

Other studies reported that for every dollar reduction in fuel costs the market value
of a house increased over a range of $11.21 to $20.73 (Dinan and Miranowski,
1986, Johnson And Kaserman, 1983, Nevin and Watson, 1998). This is consistent
with the results of the earlier studies.

Longstreth, 1986 used the hedonic pricing method to establish implicit values in
specific energy efficiency measures. The study found that a 1" increase in wall
insulation increased home value by $1.90 per square foot. A 1" increase in ceiling
insulation increased home value by $3.37 per square foot. Retrofitting more energy
efficient windows (i.e. double-glazing) increased home value by $1.63 per square
foot.

A later study (Horowitz and Haori, 1990) looked at the difficulties associated with
investing in energy efficiency measures questioning whether such investment costs
through increased mortgage lending would be recouped if the property was sold
before the pay back period was completed. The study concludes:
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"If...reduction in monthly fuel bills exceeds after tax mortgage interest paid to
finance energy efficiency investments, then they will enjoy positive cash flow for
as long as they live in their homes and can also expect to recover their
investments in energy efficiency when they sell their homes."

The balance of this evidence suggests that the consumers do want more energy
efficient housing and are willing to pay a higher purchase price for it.

16.3.3. Current examples of UK best practice

Research into other low energy developments in the UK provides further evidence
supporting the conclusions found in the hedonic literature. There are a number of
innovative exemplars but these can be criticised for their limited appeal and much
specialised nature. Of those identified the closest to conventional housing is that of
Gusto Homes. Gusto Homes build conventional homes also built much higher
standards than Building Regulation Standards incorporating rainwater recycling,
solar panels and air management systems. They estimate the properties cost an
additional 10% over a conventional build and judge them to have been sold at prices
towards the upper price band of comparable properties in the area. There were no
problems experienced in the marketing and selling, indeed the increased resource
efficiency of these homes were found to be a key marketing attribute. A number of
these homes are now on second ownership and this positive selling point would
appear to still be reflected in the sale price. The success of Gusto homes does
indicate that whilst there is little evidence to establish the viability of a more
conventional low carbon 'future' housing development of mass appeal, a market
does exist.

BedZED is currently the most innovative volume housing solution to low carbon
living available in the UK at present. The entire development aspires to carbon
neutrality (all its heating needs are met by a central biomass powered CHP unit).
The buildings themselves have a high thermal mass and very good insulation
properties, exceeding the Eco-Homes excellent rating and UK Building Regulations
Carbon Index. The build costs were estimated to be 10% higher than typical build.
However research undertaken by FDP Savilles indicates a resale value of the units
to be an average of 15% above the local market rate (Dunster 2003). The projects
architect, Bill Dunster, estimates that with increased volume of production these
additional build costs will reduce to match those of typical volume house builders.

The WWF One Million Sustainable Homes Campaign estimates the additional build
costs associated with more sustainable and energy conscious build standards to be
2% for an Eco-Homes ‘Very Good’ rating and 10% for a ZED standard. For the
developer these costs are, to some extent, offset by planning gain, a slightly higher
sales value and faster sales. For the consumer the increase in mortgage payments
would be more than offset by savings on energy and water bills.

In August 2003, Broadland District Council, together with CRed and CML Contracts
launched a scheme whereby a group of people were asked to sign up for a scheme
which would install solar hot water heaters in domestic properties. The aim of this
was to achieve around 50 properties and thereby some economies of scale would
be possible to bring the price down. Even with the £500 Clear Skies grant, each
installed unit will be barely cost effective even with the discounts and the grant, and
yet 50 people signed and paid a £500 deposit within 22 minutes of the launch. This
demonstrates that people are often willing to pay (sometimes over the odds) for
energy saving measures when given the chance.
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16.3.4 Conclusion

16.4

The balance of evidence presented in this report suggests that not only are the build
costs associated with a more responsible built form not onerous for the developer
but that these costs can be recouped through only a very limited increase in
purchase price. The success of the examples given show consumers do want more
energy efficient housing and are willing to pay a higher purchase price for it. In fact
a report in Housebuilder magazine for August 2004 quotes a research report from
the Commission for Architecture and the Built Environment (CABE) quoting a figure
of 84% of buyers willing to pay an extra 2% on the purchase of an eco friendly
house.

Discussion

It is clear from the above, that there are very divergent views on the topic. However,
much of the scepticism is based around judgements which have yet to be tested
objectively. Though there is little hard data from the UK, the US studies do show
that people would be prepared to pay more for improved energy efficiency if given
the chance.

In the UK, the three examples cited in section 16.3.3, are not the only ones. For
example a low energy sustainable construction in Chorlton Park, Manchester had no
problem in selling the flats at a premium price. Perhaps a telling point is the phrase
from section 16.3.3 ...” indeed the increased resource efficiency of these homes
were found to be a key marketing attribute”.  This suggests that the way the
improved efficiency is marketed is critical. Marketing being a key issue is also
reinforced by the Broadland Solar Panel Scheme also discussed in Section 16.3.3.

Often in the development of dwellings, there may be options on built form, design
etc. but purchasers should be given the option to buy extras. The developer would
thus have the standard package, but it would be up to the purchaser to decide
whether they wished to opt for the extra energy efficiency devices. Present
experience suggests some will definitely do so, some will not. However, the choice
is important.

Experience gained by the current Project Leader, Dr N.K. Tovey, who is also
involved in the Broadland Solar Hot Water Project shows that the reasons why
people were prepared to pay up front for something which may or may not give a
return were:

i). the way the product was marketed,

ii). the involvement of a District Council, rather than merely a commercial company
gave a sound background to the project,

iii). the involvement of the University of East Anglia was seen by some to be critical
as they would bring impartiality and Credibility to the project,

iv). some people recognised that energy prices would rise and the viability would
certainly improve in the future,

V). many were keen to “be seen” to be doing their bit for the environment.

If the current Housing Bill is enacted together with the revised Part L of the Building
Regulations will bring the energy efficiency of a property into sharper focus in the
Homebuyer Pack. This should radically alter the perception of improved energy
efficiency as a core selling feature of new and fully refurbished housing.
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16.5. Optional packages for the Current Project
At the outset, consideration was given for four possible optional energy packages:

i). Increased fabric insulation

ii). Fabric cooling

iii). Solar hot water heating

iv). Solar photo-voltaic electricity generation

It has been shown that increased fabric insulation does not yield many benefits as
ventilation issues are far more dominant. A greater benefit is achieved by using
heat pumps and heat recovery, and these are a better route towards low energy
development.

Fabric cooling can be readily provided if the decision is taken to go for the slightly
more costly option of a scheme with individual heat pumps in each flat. In stalling a
few extra valves at a small additional cost (probably much less than £100), would
allow for this and this should be a possible option. Fabric cooling provides a cooling
within the structure of the building itself and is much more energy efficient than
normal air-conditioning. As many of the flats are likely to be at the upper end of
price range, it could well be that the occupants might consider air-conditioning, if not
immediately at a later date. A far better option would be to provide for fabric cooling.

Both solar hot water heaters and solar photo-voltaics would only really benefit
occupants on the top (or perhaps next but top) flats. One of the significant extra
costs of solar hot water heating is the need for a different style of hot water tank with
a dual coil. If installed at the outset, the will cost around £40 more. However, this
will offset a cost of perhaps £800 for a new cylinder, and associated plumbing costs
necessary should solar hot water be incorporated at a later date. It is thus
recommended that dual coil cylinders be fitted as standard in the top floor flats.
Solar hot water heating installation can now become cost effective, provided that the
extra cost of the replacement cylinder can be avoided.

Solar photo-voltaic provision is costly at present, but should be given as an optional
extra for those purchasing flats on the top two floors. Already in the Norwich area in
the last 18 months, there have been two householders to our knowledge who have
spent £20,000 on photo-voltaics installations when the return is far less than this.
This demonstrates that given the option, people are willing, for whatever reason to
install energy efficiency devices.

71



f) Results
The results of the study can be summarised under four main headings
1) Basic Energy Conservation Measures

In buildings with levels of insulation in line with the 2002 Part L1 Regulations the
ventilation heat loss becomes the most significant portion of the total heat loss. Heat
recovery from extract air therefore must become an essential component of the design.
However, the design envisaged on the advice of Water Furnace included heat recovery
via fan coils into a recovery water main which would be returned to the main heat pumps
and provide an increased input temperature to the evaporator and hence an improved
coefficient of performance. However, an alternative is to use an air-source heat pump
with an exhaust either to a water main or to preheat the incoming air. While additional
heat pumps are included, this means that particularly effective heat pumps can be
incorporated as the source and sink temperatures of the air-air (or air-water) heat pumps
will be close. Furthermore it is possible to exploit the not inconsiderable amount of latent
heat from the moist exhaust air which would not be available in the scheme considered
above. One key reason for not exploring this route at this stage is the exclusion of direct
air-air heat recovery heat pumps from any possible grant support (whereas the proposed
scheme would qualify). This issue needs to be resolved by further study.

2) Approaches to heat system design using heat pumps

Two distinct approaches to the utilisation of heat pumps were studied i) Distributed units
which needed to be explored because of the similarity to the base case solution i.e. a
boiler per flat ii) Communal (central) units providing communal heating and hot water,
novel in the UK, but tried and tested extensively elsewhere in Europe and commercial
buildings.

The advantages and disadvantages of each approach were evaluated and the most
environmentally and economically viable schemes were identified in each case.

3) Provision of domestic hot water

The supply of Domestic Hot Water (DHW) in the communal options highlighted the fact
that the coefficient of performance (COP) of heat pump falls dramatically when used to
heat water to over 50°C

Two solutions to this problem were studied. By operating the central main at a

temperature compatible with under floor heating (around 35°C) rather than over 50°C

more compatible with supplying hot water and also using this 35° water to pre-heat the

domestic hot water. The final temperature lift could be achieved by either:-

i)  electric resistive heating (low initial cost but potentially high running cost and carbon
emissions) or

i) additional heat pumps either Piggy Backed on the distribution main (theoretically the
best environmentally but practically problematic) or by drawing heat from a separate
heat recovery (almost as good).

The problem of the development of Legionella Bacteria if low water temperature options
were used was also identified. In the UK there is a requirement for a minimum storage
temperature of 60°C for DHW but the new regulations pending, requiring a maximum at
the tap delivery temperature of 46°C conflicts with the control of Legionella. We are
aware of legislation in Germany which overcomes this problem by periodic hot days but
found no information in the literature about its application in the UK. The
recommendations therefore adhere to the current position in the UK in identifying the heat
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pump option as the most environmentally sound, but this may need to be reconsidered if
regulations change.

4) Assessment of environmental and financial benefits of competing schemes

All the schemes incorporating heat recovery had similar capital costs so they were
prioritised by considering their environmental benefits. The study clearly demonstrated
the environmental benefits of heat pumps over conventional condensing gas boilers,
saving both energy and reducing carbon dioxide emissions by up to 60% in the selected
options.

It was found that where reasonable discounts on equipment prices were taken into
account, or modest grants were available there will be a net positive benefit even if
discount rates as high as 20% were used for the communal schemes. For the distributed
schemes, the cost effectiveness is much less attractive.

g) Key issues and lessons learnt

Several important issues arose during this study, many of which would be beneficial in
similar developments elsewhere. Many of these issues apply equally to new build as well
as refurbishment of property and may be summarised as:

1. Environmental Issues.
There are two key environmental issues which became apparent:-

a) The scheme involves extraction of water from the river, and this is an ideal heat
source for a heat pump because of its high thermal capacity. While the change in
temperature between the inlet and outlet water may be as high as 4 deg C, after
mixing with the main flow, this temperature changes is less than 0.1 °C even when
the peak demand coincides with the minimum water flow recorded over the last 20
years. On average river flows, the change in river temperature will be less than
0.025°C, and thus almost insignificant. In terms of the proportion of water
extracted, the worst case scenario suggests less than 2% of the flow would be
extracted, and typically the figure will be less than 0.3%.

While verbal contact with the Environment Agency implied there would be no
problem with this, the Agency must be contacted formally once the exact civil
engineering works associated with the inlet and outlet have been designed.

b) On the site, only part of the project involves new building with piling. The
maximum number of piles available was 70, but the scheme was designed to
extract half the heat from the river and half from the ground. The greater the
number of piles the higher the installation cost. In the final analysis only 25 piles
were found necessary and this number was selected in the final analysis. Even in
extreme conditions the heat demand from the ground would still be only 81% of the
potential total heat extraction available from the ground. In the unlikely event that
more was required, then having both a river and ground source means that the
proportions of heat from the two sources can be varied. In this way concerns from
structural engineers on potential problems with pile foundations if the temperature
of the piles cycles through too high a range can be allayed.

2. Heat Recovery

Heat loss from ventilation was shown to represent 74% of all heat losses when
normally recommended ventilation rates were used without heat recovery.
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Improvements to the insulation of the fabric components of the roof, floor, windows
and walls have a much less effect than even very modest (10% or less) amounts
of heat recovery. The basic designs examined the situation both with and without
heat recovery from ventilation. Though ventilation heat recovery can reach 85%+
in a well designed and sealed building (e.g. the Elizabeth Fry Building at the
University of East Anglia), 50% heat recovery was used in this study.

Heat recovery from ventilation is thus something which should be considered in all
buildings. Heat pumps are ideal for such heat recovery, but unfortunately most
grant awarding bodies deliberately exclude the normal air-to-air heat pumps which
would be ideal for such recovery. Part of the reason for this exclusion stems from
the fact that the units can also be used for air-conditioning which would negate any
advantages gained in the heating mode. However, in this design a heat recovery
system was included in which any heat recovered would be effectively utilised via
a circulating main, and could not be used directly for air-conditioning. Heat
recovery in this manner would improve the coefficient of performance of the heat
pumps. However, even greater possibilities are available with air-recovery heat
pumps as advantages associated with the recovery of latent heat of the exhaust
moisture are possible as outlined in section (1) above.

3. Hot Water Provision

In the scheme with individual heat pumps in each flat, hot water provision presents
no problem as the heat pump can be operated for short periods at a higher
temperature and then to revert to the normal operating temperatures for the under
floor heating.

For the communal systems, it is not possible to operate in this way. Schemes
which operate the central main at a temperature sufficiently high to provide hot
water (Options 2 and 2R) proves not to be effective energetically or
environmentally. On the other hand, operating the central main at lower
temperatures compatible with under floor heating (i.e. 35°C) will not provide
adequate heating for hot water to temperatures above those which avoid problems
with Legionella bacteria.

Two schemes were explored:-

i. Using electric resistive heating to increase the temperature of the water,
ii. Using auxiliary heat pumps to increase the temperature

Though theoretically, the highest coefficients of performance would be achieved
using a “Piggy-back” arrangement, there are practical problems with this and a
slightly less efficient system running off the heat recovery main was used.

It is important that the issues of hot water provision are carefully considered in all
planned heat pump schemes.

3. Carbon Dioxide Savings.

The savings in carbon dioxide emissions in all nine schemes considered saw a
saving of at least 35% in carbon dioxide emissions. In the two schemes finally
chosen the savings exceeded 60% achieving the CRed Target of a 60% reduction
by 2025. In the base case representing current best practice and emission of 361
tonnes of carbon dioxide is predicted each year. This figure falls to between 130
and 146 tonnes with the chosen schemes. A value can be put on the costs of
carbon reduction. The communal schemes finally considered show that rather
than see a cost to provide carbon dioxide abatement, there is potentially a saving
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of between £19 and £46 per tonne of carbon dioxide saved. These figures
compare extremely favourably with the current trading prices for carbon dioxide
permits under the EU Carbon Emissions Trading system of 7 to 10 Euros per
tonne. Thus rather than a cost to provide carbon mitigation as implied by the
trading system there is actually a saving to be made if the heat pump scheme is
implemented The use of heat pumps for carbon dioxide mitigation is thus a
particularly effective method. Only in the case with individual heat pumps was
there a net cost to providing carbon reduction, but this transformed into a net
saving if either a grant or equipment discounts were available.

5. Communal v Individual Heat Pump Schemes
Two final schemes were selected:

a) A scheme with individual heat pumps in each flat
b) A scheme with a communal heat pump supplying the whole building

The individual scheme has several advantages:
a) there is a single heating appliance effectively replacing a normal boiler,
b) there is easy accountability of energy use through normal electricity

meters,

c) the flat owners can choose which utility company supplies their energy,
d) the not inconsiderable costs of supplying gas to the site are avoided,
e) there is no problem with hot water provision,
f) there is the possibility of fabric cooling in summer.

The disadvantages of the individual heat pump scheme include:
a) the initial capital cost is higher than the communal scheme
b) though slightly more energy is saved in this case, the running costs are
higher as the individual consumers cannot benefit from the more
favourable SME tariffs.
¢) In some situations, the scheme will not be cost effective unless there is
provision for grants or discounts on equipment.

A communal based system has advantages:
a) the initial capital costs of each flat is cheaper
b) despite the increase management costs, the overall running costs are
cheaper than with the individual scheme
c) the scheme is more cost effective in all situations.
d) the notinconsiderable costs of supplying gas to the site are avoided,

The disadvantages of communal systems
a) special provision is needed for the supply of hot water,
b) reliable heat meters must be provided to account for energy used in
each flat
c) itis not possible to provide fabric cooling with this option.

4. Energy Service Companies

Energy Service Companies would be an ideal way to manage a communal
scheme in such a complex. Several different models have been considered. It is
shown that not only will the Energy Service Company see a return on its money,
but the individual flat owners will also benefit as the Energy Service Company will
be able to purchase electricity at more effective energy prices
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5. Impediments to development of Heat Pump schemes

There are several barriers to more widespread implementation of heat pump
schemes. These may be summarised as:

a). The restriction that heat pumps recovering ventilation heat are excluded from
grants. While heat pumps capable of acting as air-conditioners should be
excluded, those which are designed specifically with heat recovery in mind
should be included. It is clear that heat recovery is more important than further
improvements in fabric insulation standards.

b). The sizing of heat pumps is not that conducive to effective design particularly
in situation where the overall heat losses are small. The current minimum size
of heat pumps is too large.

c). There is scope, that as the market develops with economies of scale, individual
schemes could become more cost effective in the future. This will be
particularly so if the size range of heat pumps could be made more compatible
to those required in the potential applications.

h) Recommendations for implementation (or reasons why not
to be implemented - as appropriate) including estimate of
carbon savings possible if implemented.

The results of this study clearly demonstrate the advantages of heat pumps over
conventional condensing gas boilers. Not only do such schemes save energy, but
they also see substantial (>60%) reductions in carbon dioxide emissions as
indicated in section 4 of the Findings. Furthermore it has been shown that in this
redevelopment, heat pumps provide a particularly attractive means to reduce
carbon emissions, and in most cases represent a net financial benefit. A
discount rate of 6% is often used for Government projects, but even if the discount
rate was as high as 20%, there would still be a net positive benefit for most
communal schemes when potential discounts on equipment prices were taken into
account, or modest grants were available. With these schemes it is still attractive
financially at a discount rate of 13% even without a grant or equipment discounts.
For the scheme with individual heat pumps in each flat, the cost effectiveness is
less clear cut and might only be fully viable if a grant were available to offset part
of the capital cost.

No specific recommendation as to whether to adopt the individual scheme or the
communal scheme is given as this will be dependent on several factors including:

a) the marketing strategy to be adopted,

b) a suitable resolution of ownership issues (probably via the use of an
Energy Service Company as outlined,

c) the availability of grants.

There are advantages and disadvantages of both schemes as summarised in
section 5 of the Findings.

It is recommended that all flats on the upper two floors be provided with dual coil
hot water cylinders. Though they are marginally more expensive by around £40,
they provide a much cheaper route to installation of solar panels at a later date. In
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a similar manner a simple wiring carcass could be added to these flats to enable
photovoltaic panels to be installed at a later date if required.

The marketing of optional extra packages needs careful consideration. It is
important not to offer flats with extra packages in a standard price. There should
be a basic cost for the flat which is the sale price, but all purchasers should then
be given the option to upgrade to include the extras as happens with car purchase
at present. It is important that purchasers are not presented with a single price
which includes all, but one for which they get a basic flat and then opt in for
additional packages at the marginal extra cost for providing that package.

i) Conclusions

This project has clearly demonstrated that at its current state of development heat
pump technology in the appropriate situations, can provide significant
environmental benefits very much in line with the CRED objective of saving 60% of
carbon emissions.

The financial case has also been made, but this may be tempered by the reaction
of potential purchasers and their legal advisers who may question the novel use of
these tried and tested concepts. Though first tested in these very buildings nearly
sixty years ago these ideas have not yet found acceptance with developers in both
the public and private sectors.

If the communal heat pump scheme is adopted then the formation of an Energy
Service Company to manage the scheme would be a logical and financially viable
option.

The pressure for change is mounting with schemes such as BedZed and the other
schemes highlighted in this report leading the way. With the clear historical link in
this particular project and the environmentally friendly technology envisaged then
implementation of the recommendations in this report would provide an impetus
for a major change in market thinking.
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APPENDIX 1

Site model and plan, with sample
elevation and typical flat layout
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APPENDIX 2

Plans and Drawings
of the
Dukes Palace

Taken from

History of Norwich by Frank Meeres
Phillimore Publishing 1998 ISBN 1 86077 083 5
Reproduced with the permission of the author

&

Pictures and diagrams of The Duke's Palace drawn
from documents held in the Norfolk Heritage Centre
Norfolk & Norwich Millennium Library, Norwich
reproduced with permission of the senior librarian
Web Site URL: www.library.norfolk.gov.uk
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The Norwich Heat Pump
By 1. A, Sumner, M.LMech.E*

Fhe paper provides the history and constructional detalls and working results of what is believed to be
the first large heat pump used for building heating in Great Britain, This machine was constructed and
instafled as an experimental mackine for heating 8 lavge block of municipal buildings in Norwich.

A brief sxplanstion indicating the principie upon which the heat pump works is given. Reference is
also snade to the differences between the reversed heat engine when working ag a refriperator and when
working as & heat purep, fn the latter case there i a deliberate increase in the final temperature Ty, from
approimately 83 deg. F. to remperatuces which way be of the order of 150-200 deg. ¥, The unsuitabilicy
of the term “coefficient of performance”~-mormatly vsed ag a criterion of refvigerator performance—
when used as 3 coefficiens relating to the heat pump is pointed out; and the use of & how, elternative term
is suggested.

The results are shown of operating the Norwich Heat Pump for two winter heaning sessony. When
nsing an unssitabie corapressor the hest delivered o the building was found to be 345 times greater
than the equivaient heat (electric) energy reguired to operate the machine, averaged over the 19456
winter heating season. With & more efficient compressor, installed later in 1946, a stil better performance
iz anricipated. The zctusl costs of headhg the building, with cozk-fred boilers and & heat pump respectively,
ars shown in the form of a table. Conclusions indicated are thar the hest pump can show a finagcing
saving, a5 compared with the use of coal-fired boilers, and thar ir s practicable to use the heat pump in

Greay Britain for building heating throughour normat English winters,

INTRODUCTION

The pipereenth century wae notable for the practical and com-
mercial development of the heat engine, which in its toem pro-
duced extensive scientific eramination of the somewhar nbarract
nagire of hest and cold. Carnot propounded the cycle of opers-
tions of the ides} hear engine, and pointed out that the cyele was
reversible, bug showed thar the reversed cydde could never be
more efficient than the direct eycle of degrading heat 50 as o
produce mechanical energy. Subsequently Dr. Joule, in 1851,
supzested the use of a practicable engine working on the Joule
cycle, and Belb-Coleman used an engine working on the reversed
Joule cycle, to act as g refrgerstor, with air as the working
substance,

Tn 1842 amention was directed by Lord Kelvin to the im-
poriant fact that # refrigerator of the Bell-Colemman type could
be used, not only as a refrigerator for abstraceing heat, but as 8
“searming machine”, and that, given s supply of mechenical
power, it was possihle to expend this mechanical power so a5
to deliver hént without combustion st the site where the heat
was requited. Further consideration of this reversed, or extended
refrigerating, cyele, and of the meaning of *“szhsolute cold” led
1o the conclusion that, given a supply of mechanical energy and
% source of heat at such a Jow temperaturs 88 was formerly con-
sidered to be uscless, e.g. the heat in & body of water near
freezing point, it was possibie by using suitalile apparatus, to
obtain & heat ourput st & useful and higher tempesnture which
could be several times greater than the heat equivalent of the
mechanical gnergy used.

Later Ferrant] and Perry considered the problent, Bur ae that
time the idea seemed to have no practical epplication, and it was
not untit 1928 ¢thar T, G. N. Haldane resuscitated it and poiated
out that the widespread use of electric powen, and the develop-
ment of refrigerators seemed te make the heat pump {or 2 watm-
ing meching) practiesble for certain conditons of e, Haldane
designed and constrocted R szaall experimental plant which was
degeribed by him in a paper which he read before the Fastitution

The M3, of this paper was oglginully received at the Tnstimation
on 16th Moy 3946 and 5o its revised forr, s sovepted by the Cownal
for publication, on 6th Jamury 1947, For the Minutes of Procerdings
of the meeting in Loadon an 28rh March 1947, ar which this paper
was presepted, see Proc, LMech ., vol. 156, p, 338,

* ity Electrical Engineer, Corporation of Norwich.

2

of Flectrical Engineers in 1930+, This paper aroused consider~
able ineepest, not only in ebis countey bur sbroad, particularly in
the Dinited States and Switzeriand, and led w seversl commercial
instollations being made in those countries, suitsble for their
special conditions of temperature.

So far as is known, no jarge commercial heat pumyp designed
purely for building heating and untilizing low-grade beat from
narural sources had been constructed in this country ungil 1944,
when the Norwich hear pump described in this paper wag in-
stalled. Ft initiated g lopg-term experiment which was carried out
on a farger seale than the previous experiments by Haldane, The
resultz of heating s large building by means of the Norwich
experimenial machine are given in the present paper; together
with some Jetails of the capital and running costs incarred, For
the saks of completeness, a brief account of the principle of the
heat pump is included, and suggestions regarding the forure of
the heat pump are made.

it is not desived to imply that the apperatus described heeia,
represents an example of high efficiency—the nature of the
materisls and plant svailable preciude it from being more than
a relatively inefiicient pump, constrocted as 2 piogesr cffort for
practical use and experimental prurposes, But it iz hoped that the
presentation of such facrual data {probably the first of such data
tes be made available in respect of hest pump operation in Greag
Briraiey wilf provide a more reliable guide to the practicability
and econemyy of use of the heat pump, then the more hypo-
thetienl facts hitherto presented, which have been based upon
conditions in other countries,

THE PRINCIPLE OF THE HBAT PUMP

The heat pump iz a refriperating plant desipred and con-
structed to work within lmivs of pressime and tempersture,
greater than those required for rofvigerating purnoses (the gas
temperatures range from 30 deg, F, for 75 10 200 deg. Fofor Ty,
as comnpared with 85 dog. P, for 7y in the normal refrigerator),
The main difference between a refrigerator and heat pump s
that, wheress the former s used to entract hear from 2 body of
air, or & snhstance in 2 cold room or chamber, which heat s

t Haroawe, T. €. N 1830 JL LEE, vol. 68, g, 666, “The Heat
Pumpew-fin Economical Mathod of Preducing Low-grade Heat from
Cleerricity™.
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normatly discharged to waste, the heat pump extracts heat cither
from stmospheric it or from & supply of low-tempersture water,
such as 4 river or laks, and this hear, which ig norenaily et too low
a temperature to be useful s then raised w & higher temperature
by the compressor. "The hesr st this higher temperature is used
for the purpese of heaning the building,

The advantage of the heat purmp is that the heat put inte the
building may be three or more times the hear equivalent of the
mechanical power reqarired to operate the plant. The heat output
reafly comes from: twWo SOUrGes I

fa) The low-grade heat supply (atmuspheric air, river, well,
or {ake water, or maing water}; and

(&) The energy supplied to drive the plant {electrical, steam,
Diesel engine, or water power).

In & particular case, e.g. for every 4 units of hear given out,
approximately 3 units will be picked up from source {a), where
it is vaually aveilable at no cost, and rather less than 1 unde is
introduced as mechanical or electrical energy from source (5),

which normally must be paid for. The retic M , L& the
Energy input

ratio W is usualty described as the coefficient of
performance of the plant; a more suitable term used throughout
this paper s suegested by the author, namely, “reciprocal
thermal efficiency”.

Essentiaily, the heat pump comprises ¢ cooler (evaposator) and
heater {condenser), together with & compressor and an expansion
valve gs shown disgrarmmatically in Fig, 1.

e

FOT WATER
TO BHLEING
13 DEGF.

i3
i
BVER WATER T i

n RETURMN
P e FROM BUILDING
> HE BEG.E,

Fig. 1. Essential Blements of & Heat Pump Installatlon

in the closed cireuit ACBD, a Yguid “refrigerant® circulares;
this may be mmmonia, sulphur dioxide, or “Freon®, etc, The
compressor C redusces the pressure in the evaporstor A o a level
ar which the Houid boils, the refrigerant chosen being one which
will boit ar a low temperature, ¢.g. sulphur dioxide will boil at
30 deg. F. under 2 pressure of 22 Ib. per s, in. abs. In boiling,
the latent heat of evaporation is taken from the low-temperature
tiver water circulating in the tubes and s transferred to the
refrigerant. The resulting suiphur dioxide vapour containing the
iow-remperature heat thus abstracred from the river is then com-
pressed to & higher pressure, causing its temperature 1o rise, i.e.
the low-temperature heat abstracted from the river water is now
raised 1o 2 ore useful high temperature, The hot vapour passes
tirough the tabes of thecondenser, condenses 1o a liguid, snd so
gives out 1o the building heating water, which is circulated
round the mbes, It5 latent heat of condensation. The resulting
higuid then passes through the expansion valve D (where its
pressure is reduced) into the evaporsror, snd the cycle of
operations is repeated.

THERMODYNAMIC CONSIDERATIONS

A brief outline of the thermodynamic theory of the heat engine
{producing work) and of the heat pump is given here, in order
to explain the terms used throughout the paper,

I 1851, Keivin stated that if a hear engine has an absolute
inler wemperatire Ty end an exhaust or refrigerstor absolute
texpperature Iy “the efficiency of a perfect beat engine is ex-
pressed by ehe ratio of the difference of the sbsolute temperatures

of the source and condenser to the absoiute temperanure of the
sotree”, Thus, for an ideal engine working directly 3o a3 to
degrade heat snd thus produce work, we have the well-known
EXpression
Thetmsl cfficiency
£ Work prodaced Nt ¥
Heat taken in st high wernperature T

E.g., sssuming working terminal temperatures I = 180 deg. F.
(640 deg. ¥, abs.), and Ty == 80 deg. F. (540 deg. F. sbs.),
& 6§40 — 540
BT

This means that, of the total heat energy originally available,
15-6 per cent has been comverted inte mechanical werk, and
844 per cent has been rejected.

What happens if the cycie of operations of the sbove heat
engine is reversed, so that, instead of supplying heat at high
remperature snd rejecting the residue ot low temperature after
work has been done, we take in heat st low temperature, do work
on it, and thereby complete the cycle 50 28 to obain hear at g
higher temperature? Obviously, if such an exactiy reversed cycle
of operstions can be performed, the reciprocal of the above
expression will be obtatned, fe, (for the idesl engine)

1 Hest produced (at high temperature) =~ 7 640
ET Work expended T Ty 640540

= Godg (i.e. 5-"1},75“6'} or 640 per cent

Thiz wourld mean that a quantity of heat has been teken in
and rsised from s Jow. temperature 50 as 0 be defivered ar &
higher temperature, the heat defivered being 64 times greater
than the heat equivalent of the mechanicsl or electrical energy
expended to caryy out the operation, It will be noted that heat
hes not been “ereated”. Almost the same quantity of heat that
has been delivered ar 2 high and commercially useful rempera-
ture wat avatlable otginally st 3 bw temperature which hiad no
comanercial value. The function of the heat pump and of the
efectrical or mechurdeal energy used to drive it, is merely to lift
the temperature of available hear from the lower to the higher
temperatore,

It will be seen that the coefficient adopted for the heat' pump
operation is one designed 1o measare the atio of high-tempera-
rare beat delivered 10 the work expended to carry out the opera-
tion. The coeficient is also seen w be the reciprocal of the
expression msed to ascerizin the thermal efficiency of the direct
heatr enpine.

It would seem to be imperfant to differentiase berween the
operation of the refrigerator and that of the heat pump. Whilst
in each case we are considering a hear pump as a pump driven
by mechanical mesns, so 88 to pump up hear from & Jow 10 2
high termperature, in the Iatter case the operation has been ex-

= (1156, or 156 per cent

 tended 10 a considerable degree, For a refrigerator we are con-

cerned with abstracting heat from 3 substance 30 as to make it
coid, and the most efficient refrigerator is therefore the one
which afstracts the greatest amount of heat from the cold body
for a given expenditure of mechanical work. The standsrd
method of defining this rstio for the refrigerstor is as follows :—

Hear gbstracted iy )
Work cxpended = T, ™ Coefficient of performance,

But the most cificient heat pump designed to hear a building,
for instance, will be the one which delfvers the greatest amount
of heat at high temperature, and the method of defining this
ratio for the heat pamp is as —

Heat defiwered T,
Work expended — Ty T

Thus, the expressions which define the most efficient machine
~—for & vefrigerator and heat pump respectively——have entirely
different meanings numerically and in their connotatiens, The
heat purnp cycle is, Hrerally, the reversed operation of the cycle
used in the heat engine as defined above by Kelvin, and the
expression for their respective cfficiencies of operstion are
reciprocal.

It is, therefore; sugpested by the author that the term oo~
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efficient, of performance” should be restricted ro the operation
of the refrigerator. When considering the operation of the heat
pump--which, idesity, ia the reversed heat engine cycle-—it is
suggested that the term ‘“‘Rectrrocar Fursmar, Escmncy”
should be used {see expressions on p. 23), and thiy term has
been used throughout the peper,

HISTORY OF THE EXPERIMAENT

i 1940 the new workshops and offices of the Norwich. Cor-
poration Electricity Department were nearing completion, and
it became necessary to decide upon the 1ype of plant 1o be in-
stailed for heating the building, The central heating instailation
had already been erecred, comprising 2 hot-water circulating
systetn with radiators, pane! beaters, and electric fan uan
hagters, A specification for a heat pump was accerdingly pre-
pared and forwarded to each of the British manufacturers of
refrigerating plant with 2 request that they should tender for
the supply of a suitable heat pump installstion. No mamu.
facturer was prepared to submit a tender, and the war situstion

sackine, constructed woder better conditions. It has, however,
permirtted accurate datk 1o be established as o the relative costs
of heating & larpe building by coal-fired builers and by the heat
pump respectively. Primarily it hag been possible to demonstrate
that normsl Britkh conditions sre such ws fo permis even 2
rejqtively incfficient machine to operate satisfactority for beariog
5 butlding throughout & normal Britisk winter, and o operate
with considerable economy in fuel consumption.

Description of the Building and of the Heating System. 'The
buiiding is of the dimensions shown in Fig. 2. It is a steel and
reinforced concrete frame building, brick filed, with very large
window ares. There is & hot-water centzal-beating system, cony~
priving wall radiarors, embedded panel heaters, and {originally}
“unit” hesters with electric fans, The systern was designed for
4 fow temperature of 180 deg, F. to 160 deg, F, During the
winter of 1940~} experiments were carried out to ascermain the
minimun flow temperature required to maintain A temperatare
of 625 deg. F. in the offices and 60 deg. ¥, in the wm’kslmgs,
on the coldest days. It was found that, provided the “unit” fan

Fig. 2. Srores and Workshop New Building, City of

undoubtedly influenced this degsion. It was notoworthy, how-
ever, thar all the manufacturers {with one esception) were
sceprical an to the cconemy or possibility of using a bear pump
for building heating in this country,

Tt was, therefore, decided temporarily to install modern cosi-
fired boilers, with accurate meters for measuring continuously
the heat put inga the iding (and thereby the true combustion
efficiency), next to meke a long-term scientific test relating to the
casts and other features sssociated with the coal-fired boilers,
and subseguenthy tw Install a heat pump in place of the boilers,
w0 that the true comparstive costs of building heating by these
vatious methods could be established. Tt was not until 19445
that the epportuaity cccurred of ingtaliing 2 hear pump In sube
stitation for the boilers. Even then, it becamc necessary to con-
struct this heat pumyp by using an old second-hend compressor
and to rmanufacture the evaporator, compressor, and most of the
other components from materials availeble in the distribution
and power station stores,

The Norwich heat pump, therefore, has not the somewhas
higher efficiency thay would be associsred with a modern

Norwich Electriclty Depariment.

heaters were not used, the maximum flow temperature required
was 130 deg. . during the short periods of very low ambient
temperatures, but that 120 deg. ¥, wondd suffice as a manimum
flow tempersture for the major part of the heating season, fo
view of the high mainrenance costs, and the wnduly high flow
temperatures required, the “unit™ fan heaters were, therefore,
replaced by radiators,

From 1340 ro 1945 the conl-fired boilers wers used exclusively,
in October 1945 the Norwich heat pump wes completed, and
was put into use for the remainder of the heating season. The
source of Jow-grade heat was that of the River Wensom which
is #mmediately adjacent to the building and which has & mind-
nram Sow of 30,000,000 gattons per day.

DERIGN ARD CONSTRUCTION OF THE NORWICH
HEAT PUMP

The design of the plent (see Figs. 3, 4, and 5} was somawhat
prejudiced by the fact that ar the tme of ity copstruction,
muterisly and spparatus were very difficolr to obtain, Tn fact it
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only became possible 10 gonsider the experimental installavion
when 3 used compressor became available through the medium
of 2 second-hand disposals Hse. This was purchased and put inzo
service, although it had serious limitations for experimiental
purposes, In December 1946 2 new two-stage COmpressor was
provided by the manufacturers of the less suitable second-hand
machine, snd showed a considersble improvement in per-
formance, Special evaporators and condensers were also out of
the questiony, and had 1o be made on site from such materials as
were available. ‘The only apparatus which was obtained from the
refrigerator mamufacturers was the automaric float valve and the
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Condenser.  The condenser is of the shell and tube typs, the
shell being made of standard cast iron water pipes of the Sanged
pattern, The necessary connexions were made by using suitable
T-pieces, There are three shefls mounted one above the other,
and each consists of two Twpieces with a straight section between
them. At the extreme ends a wbe plate is fitted, and standard
brass turbine condenser tubes 2re jointed to the tubeplstes by
fermales with eetallic and fibre packings.

Since the cast iron pipes were only safe up 1o pressures of
160 b, per sq. in., it was arranged that the water from the build-
ing heating systern would circulaze between the shell and the
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safety valves. T'he data relating to the various components of the
plant are given in the following paragraphs. Figs. 79, pp. 28-29,
show different views of the plant.

FEirst Compressor. Ointained second-hand, manufactursd about
twenty-five years ago by Messrs, Peter Brotherhood, 144, of
Peterhorough. Single-stage double.acting, bore 11 inches,
stroke 9 inches, maximum speed 350 r.pam, Designed for use
with ammonia, Cutput when used for ice making stated 1o be
16 wns per 24 howrs,

Second Compresser.  Single-crank two-stage anmulns cem-
pressor, Cylinder bore: first stage, 18 inches; second stege,
sonulus 16 inches minus 131 inches, Stroke 9 inches, Speed
300 rpam.

SECTION YY

<
Ers: 7
¢ 5 B 15 2P FEET
A Accumulator. N 3-inch supply
B i-inch charge pipe.
vaive for charping O High - pressure
the system with safery valve,
sulphur dioxide, P Storage tank.
G Zeinch Hguid Q@ Electric  control
ipe. LRAr.
D Evaporator. B Belt gusrd,
E Compressor, 8 High - pressure
¥ Condenser. fioar valve.
G Spray pipes. T 4einch bore water
H 3«inch  suction outlet  pipe
ipe, river.
i Pump. U} 4-inch bore pipe
T Motor, from  riser
K Heat and water pump.
meter. V 4ednch bore infer
L. Electrode beiler. pipe from pump.
M i-inch hot-water W 4-inch  suction

pipe, pipe.

Fig. 3. General Arrangement of Sulphur
Dioxide Heating Flant in  New
Building

(ras pipes to withstand pressure of 150 th,
per s0. i ar 222 deg. B

tubes, whilst the gas circuic was within the brass tubes thera-
seives, These tubes were capable of withstanding the high
pressure of the compressed vepour; and the gas circuit ar the
ends of the shells was completed by fabricated boxes and bends.

Evaporator. “The evaporasor is of similar congmuction to the
condenser, but the fver water is arranged ro circulate within
the brass rubes, the refrigerant occupying the space berween the
tubes and the shell, This arrangement vus possibie since the gus
pressures on the evaporator side are sufficiently bow, The
evaporator shelis are pierced along their length to permit the
insertion of spray nozzies through which the Bauid refrigerant
is purnped in the form of a fine atomized spray over the water
tubes. The object of this was chiefly to reduce the amonnt of
refrigerant in the plant, but it was also thought that the use of
sprays might assist evaporation,
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TLHEE FLATES W FITTED YO CONDERIIR BOMNES
TUBE n?m W HTTED TO EYAROAATOR BOIEY

THE NORWICE BEAT PUMP
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Liguid Circulation Pump. Standard cemtrifugal type pump
driven, by 3 hp. thr:c»phase s.c, motor, This pump was fitted
with a “packless” gland to make it suitable for use with the
refrigerant.

Liguid Receiver. Fabricated from steel sheer.

Pipework and Valves. 51l the pipework for the refrigerant
cireuits was carried out in high-pressure mild steel tubing, and
that for the water circuits in similar piping of suitable grade,
Srandard steam snd water valves were used,

Automaric Float and Safszy Valves. The automatic float
vilve iz a standard smmonde type, incorporating & fioat chambey
with 3 bypass needle valve and the necessary isolating valves,
The safety valves were of the spring-loaded type—commonly
used on refrigerating plant,
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Fig. 6. Curves showing Average Seagonal Reciprocal Efficlency
for 1945-0 and 1946~7

Automatic Safery Devices, As it was intended to run the
plant unattended for considerable periods, automstic safety de-
vices arranged to rip the driving motor were devised and fived.
They gave protection against the faliowing contingencics :—

{1) Excessive pressure in condenser.

{2y Displacement of beir on compressor Aywheel.

{3} Failure of river water circulating pumyp.

{4) FExcessively low pressure in evaporator.

(3) Blockage of filters in river warer circuit or blockage of
svaporator nabes.

Choice of Refriperant.  The choice of refrigerant was Intgely
governed by mechanical considerations and availability. The
compressor beerings iimited the permissible pressures to 200 16,
pet §q. in.; consequently ammonia was out of the guestion for
the purput temperatares required, “Freon 12™ was not obtsin-
sble, and Snally it was decided to wse sulphur dioxide, This
refrigerane alowed the use of brass condenser tubes, which
would ot have been possible with sromonda.

RESULTS GF OPERATION

The results of operation during the winter of 1945-6 and
19467 are shown in Fig. 6. During November 19453, trouble
developed due to solid bodies being drawn in from the river
into the evaporator tubes, thus causing water restrictions and
freezing within the tubes, The katter trouble was overcome by
instalting 2 gauze screem am the river warer inlet pipe and by
fitting 2 safety device which tips cur the driving motor if the
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velocity of the river water in the tubes fills below g cextain value,
The cessation of operation in December 1946 iz due to the ine
staflation of the new compressor,

It will be seen, however, that the averaged seasonal cfficiency
obtained with the old compressor during the winter heating
geason 19456 is 345, The instaliation of the new compressot
has resulted in g still greater efficiency of operstion.

Fhe resnlts tend 1o show that the heat pump of the immediate
furare with design based upon experience, should be able to
work in Great Britain st an average seasonal efficisncy of the
order of 4, with water and ambdent air conditions ag for the
Norwich ewperiment,

Compararive Costs of Building Heating. It has been men-
tioned that the Norwich experiment embodied a careful sciemific
study of the costs of heating a given buikding (Fig. 2} by means
of conl-fired boilers and & heat pump respectively, Expenditure
1o provide thermal storage can usually be fully iustified when the
hest pump is electrically driven, 30 B3 to obtain the benefit of
off-peak chargres. The following tables allow for the introduction
of theemal storage so as 1o Hhastrate this point,

Al Operating Data for Comperisorn i —
Feat sapplied to building siunng

heating season . 20,0{}0 therms
Pesk heat demand | . . 5
Averaye heating demand 5 »2
Calorific Value of coal (&»mch

washed nus) , . 12,000 BTh.U, per b,
Price of conl per ton . . &8s, Od,
Cost of electricity :—

For loads on pesk . 5% per RVA, phog 0-64.

poer KW .-hour,

For ioads off peek . . . 30d, per KW .-hour
Average thermal afﬁciency of com~

bustion. . . 5% per cent
Average seasonal :mt of atrend-

ance, removing ashes, filling

hoppers, «fc,, on  cosl-fired

ilers | £230

Averaged annual COst of mainten—

ance and repair of coal-fired

batlers . £150
Capital cost of coal-fired boilers | £1,500
Capital cost of heat pump . . 43,000
Additlonsl cost of thermaj swmge

vessel for heat pump . . . £300

The comparative costs (based upon aotusl facts devived from
a long-term experiment) of heating a building with & cubic cons
tent of 500,000 cu. ft. are shown in the first two colummns of
Teble 1. The case relating to thermal storsge s not ¢ part of the
actual experiment,

COn a purely financisl basis the heat pump is shown to be the
cheapest method of beating o buiiding in Englang with character-
stice as described. Bur the nstional consideratios of the most
suitable form of heating ro adopt involves considerations other
then those of finance, e.g. sconomy in the use of coal, a sub-
stance which may prove t¢ be a rapidly westing asser.

"T'o drive the electric motor for the more efficient heat psmp
with a reciprocal eflidency of 4 involves the buraing st the
power station of %1 1h, of Jow-grade coal for each unit of heat
¢therm) passed into the building. To pass a unit of heat {therm)
into the building when the cosl-fired boilers were used requires
that 166 1b. of a much better guality cozl should be burned.
Thus, if this instance is assuengd t© apply to the peneral case, in
place of each 1,000,000 tons of high-grade fuel burped annually
on direct heating botlers for bullding heating, only 545,600 tons
of much lower-grade fuel would be required at the genersting
stationg if it were possible to replace the heating boilers by heat
pumps. To the conseqguential nationg] advantage can be added
further benefits ins the form of reduced smoke emission, and the
reduced production angd transport of ashes, ete., would be even
grester, From 2 nations! standpoint the saving of coal which
the hest pump will effect may be more important than the ssving
11 tONCLAry Costs.
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Fig. 7. BEvaporater and Condenser

Fig. 8. Liguid Receiver and Expabsion Valve



THE NORWICH HEAT PUMP 29

Fig. 9. General Yiew Showing Compressor and Evaporater

Tasre 1. CoMPARATIVE ANnuAL CoOSTs oF HEATING A
Laros Bunimng

Coal-fired Heat pump
toiters |
C Withows With
: o thermal thermal
STOTAge storage
Capital coss. . L L4300 £3,000
Averasged  seasonal  re- e : 4K}
aprocal efficiency : -
Tartif for ¢lectrical ¢nergy o L4 per KVA. - (064, per
deraand ; LW, -hour
84, per
RW.-hour
Annual capital charges ., £223 {15 L2106 (7 L0487
i per cent) por eent; per cent)
Cose of coal {or elee- 4430 £601 £3067
L
Annual cost of attend- | £230 {in- — —
ange ¢ cluding
¢ enal and ash
handling}
Repairs and maintensnce £150 £50 430
Replenishmens  of  re- ' o 423 £25
Frigerant ' :
Total L1045 L7069
Cost per therm 1254, | 117, 5.24.
RESUME OF TESTS

It is suggested thar the experimental Norwich heat pump has
established certain faces refating to the heating of large buildings
in Bngland, These facts may provide a basis for serious con-
sideration of the extended use of the hest pump in this country
in those cases where 2 suitable source of low-grade heat is avail-
able. The established facts may now be summarized.

(1) Where the source of low-grade heat is an English river or
lske, and the building with its heating instailation is similar to
that st Norwich, the heat input to the building, using a hear

pump, over a heating season wili be from 35 to 4 times the
cquivaient heat enerpy yequired to drive the machine. Forore
developments in compressor and heas pump component design
indicate thar the average seasonal reciprocsl efficiency may rise
10 4 or 45 for a normal British heating season.

{2} Where a building heazing system is designed so that the
maximum water flow temperature is less than 135 deg. F. (a8
for the Norwich experiment) the reciprocal efficiency will be
proportionately higher. The case in which the highest reciprocal
efficicncy will be achieved i one in which air, rather than water,
is used 88 the medhum ciroulating in the building. In the latter
case, when using an English river or lake a5 the source of low-
grade heat, an actus} reciprocal efficiency averaging 5-0 over the
whole seasost may be expected. Further, the heat pump may
thers he used effectively to cool the building during the summer,

{3y The Morwich experisnent relates particularly to a heat
purmp designed for a maximum ourpat of 8 therms per hour, ft
has been established by a long-term scientific experiment that
the overall running costs, including capital chargey based upon
the present relatively high capital cost of hear pump plane, are
Jower than the overali capitsl and running costs of heating the
puilding with surtomatically stoked coalufired boilers ranning at
53 per cent combustion officiency. There ave reasons which may
justify this lower oversll Tunning cost of the heat pump for any
size of heat pump exceeding approximately 5 therms per hour.

(4) Apart from the direct financial and ancillary advantages,
the use of the heat pump in place of ceal-Ared boilers has the
effect of reducing the consumption of coal from approximately
16°8 Ib, of high-grade coal delivered to the building to 9§ Ib,
of Jow-grade coal delivered at the central gemerating station, per
therm of keat sent into the building.
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Discussion

Mr. T, GG, N. Hapoang (Esher) saic that in the past coal had
beers so abundant and cheay that there was Hrrle incentive qo be
economical,

Both Switzeriand and the United States had made consider-
able progress in the practics! application of the heat pump. In
Switzerland the dominzting motve was fucl cconomyy since,
other thmn timber, there was no indigenous fuel, uniess Swiss
water power be regarded a5 a fuel, In the United States the muain
motive in the development of the heat pump had been the possi~
biliry of combining it with air conditioning and finding & new
outier for the use of electrivity.

Brandly spesking, the Swiss had concentrstec on the sppli-
cation of the heat pump for large-scele purposes, in particular,
the heating of Jarge public buildings and various industrial applis
cutioms, He found Swiss engineers somewhst cautious about the
ecconomics of the heat pump for space beating, but wvery
enthusiastic about ity application to a wide range of industrial
purposes, partcularly processes involving evaporation or drying.

‘The United Stutes, o the other hand, seemed now to be par-
tictlaxly interested in the development of the heat pump for
domestic purposes, Small domestic equipments could commuand
an cnormots market, Two specifications had recently been pre-
pared in America--one covering the mass production of units
stiteble for heating of smaull houses and driven by small electric
motors, Such units were specified to have a2 towl input {in-
cluding suxiliaries) of about 42 kW, and an ourput of 48,000
B Th.U. per k., with a coefficient of performance of 3435 when
working under conditions of 10 deg. ¥, ourdoor temmperature and
cirsulating air heared to 100 deg. B,

This unit was designed for taking heat from the external air,
For u somewhat sirtlar unit designed for use with water as a
heut source and delivering 62,000 B, Th.U. per b, the specified
ceefficient of performance was 453,

He thought the authors would agree that these coeffivients of
parformante were remarkably high for such small machines and
represented abhout 82 per cent of the ideal performance of 2 per-
faet Carnor cycle heat engine.

4 high coefficient of performance had also been specified for
smal domestic wartsr heating equipments deiven by fractional
horse-power Motors. Such units were intended to pump heat
from 2n ambient air temperatare of 50 deg. F. 1o a hot water
teraperature of 140 deg. ¥, with 2 coefficient of performance of
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ﬁdzhuugh the performance called for from these uniss exceeded
mwything vet achieved by the manufactarers, it wis, nevertheless,
hoped to develop equipment to tieet the specified requirements.
He understood thet tests would shortly be carried out en proto-
Type equipments, and the resuits of these tests would be of great
interest.

It seemed to bim that the Americans were nght D Con-
centrating attention bn the manufacturing problem involved in
the :iwel{}pmm: of planty having high reliability, masimum con-
venienos, snd lowest possible cost. He felt thar development in
this country was heid up very largely becuuse the manufaciuring
problem had not vet heen properly tackled, He kasw of no
manufacturer in this country who had yet developed a standard
smeli-scale plant suimble for domestic purposes. In fact the
obtailning of satisfactory quoatations in this country even for a
Iarge-senle plant waes, a3 Mr. Sweener knew, a matzer of consider-

able difficuity. It was very necessary that the refrigeeation eagi-
neer, the clectrical engineer? and the hesting enginecr should
be brought together with = view to designing romplete and
stendard equipments suited to the needs of the public. Uil this
was done progress in the use of the heat pump would be con-
fined to those who were prepared w do as much Mard work as
Mz, Sumner had done in rigging vp their own equipments,

Mr, H. . Harexs, AAMIMech B, said ther Mr. Sumner
stated rhat the WNorwich building contained roughly 500,000
cu. 1., and that the heat pump was designed for 8 therms (e,
ROG,000 B.THLI, per br.), It would be interesting to know bow
many hours in twenty-four the heat pump hed to run, the
capacity of the theonal storgge vessel, and the number of hours
‘per day the building was heated. It seemed difficult to reconcils
the fact that u l6-ton (192,000 B.ThU) compressor could
provide 800,000 BUTh.U. per hr. as stated in section 3 of the
résiumé of tests,

The figures given in Table 1 seemed somewhat surprising.
From the costs given for annual capital charges {15 per cent for
boiler and 7 per cent for heat pump’ the implicstion was that the
life of a heat pump, with all its moving parts, was twice that of
4 boiler, Again, repaice and meintenance cost of a liest pump was
given as only one-third that of a boiler but general experience
wae thar reciprocating plant wss desrsr to meintain than 1 hot
waeer botler. Cost of attendance to g heat puwmp was given os
nothing. Was this correct?

According to the Egerton Report the combined efficiency of
generation and distribution of olestrivity in this country was
about 18 per cent. If s hot water central heating system was con-
sidered that hed an efficiency of abowt 6 per cent (ignoring heat
inss through ihe buikling fubric), to make the jnstallation of 3
heat pump worth while its reciprocal thermal efficiency would
have to be better than 4§ or 34 This was, of course, viewing the
mateer from a fusl economy angle only, and ignoring the
relarive prices of boiler fuel and electricity, ut, as Mr, Sumner
stated, ecopomy in fuel shonld be the criterion, However, the
user vtimately had to footr the hill.

This discussion presented an opportunity 1o raise the question
of heat available from hot speings, The only example of which
he had persons]l knowledge was the hot springs in Bath, The
Official Handbook of the Ciry Covacl stated o |

“Hath i3 the only pigce in Greot Britain where natural o
springt occur, The radiv-active hyperthermaal wator rises by
three spriogs, the King's Spring, the Old Royal Spring, and
the Cross Spring. The temperature of the springs differs only
three degrecs, the hottest being 120 deg ¥, The yield is
spproximately half's million gailons per twenty-four hours and
in quantity snd temperatore the Sp:mgs are CODStant, un-
affected by season or climatic conditions,”

‘Thus, if heat pumps were nsed, and sl the spring water was
cooled to say 40 deg. F,, between 16 and 17 milhion B/Th.U. per
hr. would be availeble for heating buildings ; and with a recipro-
cgl thermal efficiency of 4, about 12 million of these B.Th.1L
would be obtained gratis. Abour 5 million cu. fir. of office or
Living accommedation could be heared from these spnngs, which
were situsted in the centre of the city, in an ideal position for a
district haating scheme; moreover, & grid generating station was
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in cloge proximity from which & cheap source of power shoudd
be svailable for driving the heat pumps,

Even more heat might be made available by sinking deep
boreholes. Of course 2 cartain guantity of spring water would be
required for the bathing cstabiishments, but after allowing for
thds a considerable balance should stifl be available for heating
PUEPOSES,

Mr. &, B, Jacxson (Londony indicated that the reason he
attended the meeting was that he was one of the three users of
heat pumps in Grear Britain up to recently, viz. Haldane, himself,
andd Summper in order of date. He had designed and erected a
staail instatlation in 1938 which had operated until irs disappear-
smce in 1941 duc 1o enemy action. This machine comprised &
4-h.p. motor driving a decylinder compressor at 725 ropum. and
under the conditions of operation an average seasonal coefficient
of performance of 42 was secured*,

My, Sumner had szid that there was “no cateh” in obtaining
& lavger heat output than the heat input to the heat pump, He
himself had devised a3 scheme whereby the overal] coefficient of
performance between two temperature lmits could exceed the

T
’j‘l -

coefficient of performance o given. by the basic arnot
F

ariterion,
Similardy, there was “no eatch in #t”. By takiog discrete
steps between the upper and jower limits on the T dispram the
coefficient could he increased. Taking :?e cxmmple given in the
) 640

papey the theorerical coefficient €, = T, = SR &4,
Assunrng four increments hetween 540 deg. T, and

840 degr, ., the coefficient was increased to 100 ghving 56 per
cent fmprovement. Putting the motor efficiency ny = 082 and
the compresser and heat transfer efficiency w4 = 000, then in
the first case

CrimTich = 64X 092 X060 == 352
which was quite close to 345 given in the paper. For four stages
the motor eiticiency was the seme but the compressor srd heat
rransfer efficiency fell to say 0-50 giving

Cemnich == 10-0X 0-02 %050 == 460
the net improvement being just over 30 per cent. Obviously the
atnount of improverent in any given case depended on O, the
number of stages, atd the effect upon the compressor and heat
wransfer efficiencies. Me had designed a scheme by means of
which the expected gain might be approgimataly fulfilled,

Regarding the differentiation by Mr. Summner berween the two
cXpresgions representing u refrigeeator and hear pamp per-
formance, apart frorn the absorption of the term: coefficient of
performance o thenmodynatoic termindlogy, both of the
expressions were ratios and they wers, in fact, cocfficients of
performance, While he agreed thar the actual expressions were
different, the Sankey disgram was the ssme and the Td diagram
was the same between any two temperatures, nevertheless the
results were coefficients of performance of each machine, There-
fore it would be preferable to leave the designation as it swood
honoured by conventional usage in addition to its correct thermno-
dynamic significance. .

He had been interested i diviricr heating schemes and had
wanied 10 3how a comparison betweens such schemes combined
with electricity generation, and the heat pump supplied from
an clectricity network, He believed he was the first to visualize
the artangement in Fig, 20,

The heat pump Sankey dingram was given in Fig. 20 {&). The
coefficicat of performance was 49, the electrical Imput requiring
25 per cent, and the heat pump sbstracting from nature the
Balance of 73 per cent of the total heat curpur.

Fig, 20 (4 showed a simplified Sankey diagram for an elece
tricity gemerating stution operating at 30 per cent thermal
efficiency based on kilowatt-hours of pusput, Allowing for trans-
mission and distribution losses to a remote heat pumnp plant on
the electric power system, the uitimate thermal efficiency as
delivered was approximasely 25 per cent, Centralized heat pumgp
plants at the gencrating station would not be affected by electrical

¥ I Inst, Heating and Ventilating Engineers, vol. 14, no. 137,
. 231, See Letter describing the results of this installation,
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transntisgion and diseriburion josses but they woukd he affected
by the thermal losses in thie hot water fow and return distribu-
ton systemn. Centralized plants were, However, only economical
when the population density was high. It did not mateer which
genteration cycle was empioyed, but the importany fact was thar
from & theroal inpur of 100 por cent, 75 per cent was rejected
to nature via losses a, ¢, and 4 which warmed the atmosphere,
and loss & heating the circulating water rejected to the river,
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Fig. 20. The Heat Pump Sankey Diagram

The heat pump permined the heat thrown away by the hest
engine cycle to be rerurned from nature and rewilized. Com-
bining the two parts of Fig. 20 gave the combination of the
clectricity generation and beat pump cvcles. Thus it was no
disadvantage for the electrival generation cycie to reject Itest to
nature if the witimate product of that oycle permirted a simifar
or even greater amount (if the coefficieny of performance was
greater than 40, as it mighs well be In some ciroumstatcss)
10 be regained from nature. It did not mstrter where hear was
regained from mature as long as it conld be abstracted for use.
Schemes for the local recuperation of circulating water losses,
blow-down losses, generator or transformer losses were only of
academic interest except in locations where there was a heat
demsnd jn the immediate vicinity of the genersting station, It
was more efficient and cheaper 1o mansiiz elecirical energy o
the point at which heat was reguired than 1o ransmit ciroulating
water or hot water raised to suitable temperature by beat pusnps.

Such recuperation of generation losses, because of inherent
creleconditions, could ot be achieved in thestation itself, becauge
of (z) very large temperature elevstion from Iow tempersture
sources o the initls! steam conditions, (b) the absence of § suit-
able refriperant, (¢} the losses of the heat pumyp snd is deiving
moter, and {d) the very large heat transfer surface of the
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evaporatur necessitsted by the low remperature sources, OF
these reasons (2 was fundamental,

The more yniversal adoption of the hest pump would, insofir
s the ratio of Heat purny load to totsl load in »-produce
increasing efficiency of the complete cycle, nullifying the main
objection of the steany cycle, namely, the degradation and rejec-
don of high-grade heat. Athough such heat was degraded angt
rejected, novertheless the same or greater amounnt of heat was
available to the heat pump for elevation to & higher temperature,
Dhsezict hesting in any of its msnerous frms coold not offer
such thermodynamic attractions.,

The hivh efficiency of slectiical rransmission enabled frans-
port of large amounts of energy to considerable distancey with
pegligible Joss, The hear rejected by the electtical generation
cvcle at one point could be recuperated from nature by mmeany
of & hest pump 4t another, Hear rejected 1o a ziver or 1o the
atmosphere by the cooling rowers and from other sources in onc
locality may be meturned to the cycle for wtilization either from
another river or the atmosphere remote from the place at which
it was redected, Ir 4id non matter whether it was the same heat;
the essenmial fact was that hegt was returned to the oyele. Eloe-
fric gencration and transneission with heat pump extraction thus
represented & combination of unrivalied Hewibility, With the
preseat cxtensfve electrical networks heat pumyp heating couid
oe made available to 98 per cent of the population.

What may be termed the “inversion’” coefficient of per-
formance reqizired to produce an oversll inversion efficiency
hetween the thermal inpur to the generating station and the
therrsal ourput from the hest pump to the consumer of 100 per

cotit wag given by ;?l_;; Where s = the thermal efficiency of the

generiting station expredsed a3 a decimal and ny we the trans-
migsiont and distribution efficiency expressed in the same form.,

The Carnot efficiency of a gemerating station was based only
an the initial and finel absolute temperaiores. It was unaffected
by imtermediate provessed such as feed beating or reheating.
Therefore the Carnot critertion was inappleabie in the present
case, Hence the scrual generating station thermal efficisney must
be inverted.

A generating station operaring at 30 per cont theena] efficisncy
sapplying & power system having 8 transmission snd distribution
efficiency of §3 per cent guve

i
FIoxoas — 29

Inversion coefficients were plotted jn Fig, 21 againat station
thermal efficiencies between 28 and 35 per comt corrected for
transmission and distribution officiency. This zange would be
imunediately practicabic in the next ten vears, and at lesst one

generating station had operated for short periods at 37 per cont

thermal efficiency. As the overall penerstion snd power system
gificiency increased, the inversion coefficient of performance o
prodace the present arbitrary result of 100 per cent fell.
Consider s bear pump operating at an ambicnt tempetature
of 3% deg. F. which was raised 1o 120 deg. F. Thiy guve g theo-
ratical coefficient of performance of 645, Putting 7, as (-65 the
actual coefficient of performance was 4-2, Using now the genera-
tion. transmission, and distribetion cfficiencies given above

42X 30 %08 = 107

which meant that from 100 per cenr calorifie convent of the fuel
at the generating station 107 per cent heat output was available
w0 the consumer, bejog more than 50 per cent berter than the
best seasonal officiencies of disttict heating schemes, There was
nn other method by which a similar result could be atmined.

Incressing generation efficlency, progress in motor and com-
pressor desipm, heat troosfer improvement, use of refrigerants
enabling operation within narrower evaporsting and condensing
ange, and other factors would all contribute to a greater
combined cycle sfficiency,

Ancther praph {nserted on Fig, 21 showed the overgll in-
vergon cfficiency deduced from s constant coeflicient of
periormance of 4-0 when sliowing for a transmission and distzi-
bution efficlency of 85 per cent. The inversion cocfficient of 100
per cent was reached at 20-4 per cent station efficiency beyond
which poing a greater amount of heat was being abstracted from
ngture than that i the initdal foel.

The extensive application of heal pumps to satisfy electricity
supply conditions necessitated desipning them on the basis of
approximation to the coldest weather likely to be experienced.
An actual coofficient of pocformunce of 40 could be achieved
on modern machines wheo extracting heat ot 25 deg. F, with &
temperature output of 115 deg. F. indicating an overal! efficiency
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of £2-5 per cent, The tempersture of 25 deg. F. was only
oseasionally and briefly recorded in this couniry. The upper
temiperarare was adequate for most genera]l heating requivements
o maintain a control temoperatare of 63 deg. F.in the hested
space.
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Fig, 22, Hear Demand on Blectricity Undertakings

Fig, 22 showed the hest demand likely to e experienced on
electricity supply undertakings in reference t average ciurnal
temperature expressed 28 4 percentage of the rsxdmun capacity
of the heat pump. Using slerpative cyeles the top two curves
shalwcd the ¢oefhicients of performence fr day and night lead
cycles,
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Fig. 23 showed the varistion of building losses and the
cleetrit power st heat putap load relative to external tem-
peratore, mainmining 65 deg. P, in the heoated space, the
cocflicient of performance for the various tempersture con-
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dJitions being indicated, Except st very low external temperas
tures, four to five heat pump consumers could be supplied by
the same generating and distribution capacity ss one consumer
using direct electvic hearing,
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Fig. 24. Temperature Frequency Curve during Heating Season
and Heat Demand for Day and Night Load Cycles
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Fig. 24 showed the temperature frequency curve dwzing the
heating scason and the heat demand for day and nipht Toad
eycies, In the case of the night load eycle the maximum demand
appeared at ndpht, whereas in the day joad cycle it dppeared
coincident with the normal system load curve.

The heat pump must be judged In relmtion to nationsl cone
siderations, As some 6,000,000 kW, plant capacdity was reqguired
in the next six years and considering that the period of delivery
was increasing, it was probably of intepest to compare direct
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thermal storage hesting with beat-pump Joud, Considering plany
at modern pressures s temperatures the price was shout £40
par KW. ioswmiled capacity, the transmission and distefbution
network being sbout £23:per K%, ‘The-basis of comparison wag-
10,000 W, direct electric thermul storage lonad.or the equivalent
thermal outpoy for the hest porop Jomd with a coefhcient of
performence of 40, In both cases. 2 rransmission and distd-
bution system efficiency of 85 per cest was employed, ;

For direct electric schemes a capimt cost of L6673 per kW,
instuiled capacity including pipework and radistors was chosen
and for the heat pumyp load 125 per EW., these figures being
on insaflations of 10 kKW, and:gbove when punsfartured on &
comparable production basis which so far had not bean the tase
even-on the continent, For both lowds 0754, per WW.-hr. was
taken, which in the case of the hemt pump corresponded to
18,200 B.Th.J. per 14, or 5-34. per theem.

The relative economics of public thermai-clecteic - district
heating and Tour-stage seid-ceniral heat-pump schemes supply-
ing peak demands of 2,500~10,008 therms per hour with thernud
storage at present capital costs, coal (11,500 B.Th. Gl per b} &t
65¢. Od. per ton, and electricity ro the heat pumps at 0754
per ¥W b, foy farge cities such as London were s

Operaring cost Gincluding
capiiat chargest, pence per
thiessiy of hest sutput

Capital cost, per therms, !
maximim dermand !
|

Districe £925 (exclusive of elece ¢ 185 (total) 5 {credit for elec-

Jresting  teicel network  for | tricity revenue}
disposal of energy) | w §35

Hest L1000

pamp 137

The heat pomp costs were immuedissely precticable, "Fhis scheme,
wfter meeting initisl capital invesomieny, became more economic
after the seventh yedar, Incresse in price of coal favoured the
freat pump, Moreover, the hest pumg could be used for cooling.
The disposal of large quantities -of energy by the efecrricley
autherity presemed probliems of network costy control, admini-
strstion and ownership, A8 there were £500,000,000 invested in
public eleetrichy generation, transmussion aad distribution,
clearly the elecirically-drivers heat pumap was fu the pational
inrerest.

TasLE 7. Comrarison oF CosT oF BLECTRIC anb HEAT
Fuse SYSTEMS

Capiral costs I Direct  Hest pomp
© o glectrte . thexsaml
shemmst 5 stocage, £
worage, £ |
Geperation . . . . . 4000 117,500
YTransmission and distribuiion - 230,000 62,500
AR :
Total cost of clectricity goneration i
and supply systemt . . TAL00 ¢ 180,000
10,000 k&" ioad or equivalens load - 67,500 125,000
D 787,500 303,000
Total cost per kW, mutatled capacity. ! Bps

78075 %

It was therefore evident that heat pump development could
pe effected with grester ecomoemy of astionsl manufscruring
tesources and that the electricity authorities could cater for heat
pump demand at only § the capitsl expenditure for a given
thetma) load, Regarding the conswmer, 4 heat pump became
more scopomic then direct eleotric thermal storage after the thind
heating season., )

Regurding the anpusl operating dats and compsrative annual
costs gt Norwich ke thought it would be correct to say that they
represented the least favonrable cose o the hest pump, copsider-
ing that scoond-hand components were used and the equipment
was designed in reference o exigencies then obtaining. In the
future, cosl prices were bound to rise beyond the 635, given in
the last few weeks the coal Industry had awards costing
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£28,060,000 or nearly 35, per tot). The aversge cfficiency of
combustion of 35 per cent was. opiy applicsble to an ingtallation
empioying high-class and well-paid operating labour with full
instrumentation. He believed Mr. Sumner for this at
Morwich in order 10 obtain absolutely reliable data, Qrdivary
ocommercial installation averape scasonal efficiencies did uot
exceed 45 per cent on & well-ron installstion, but in general
tended to be Jower, Regarding the cost of ropairs and mainten-
ance, the fgure of £150 per annum referred only to the frst five
veurs when the instaljation was new and alse with a competent
maintenance staff available, Over 8 puriod of twenty years under
customary hoating estimating practice s more accurate figure
wat £ 200-£250 per armum for an instatiation of that magnitude.

While prices of heat pumps had been given by Mr, Sumner
4nd others they did not refer 1o production machines in the same
gense ag those for hot water hoilers, stokers, and radiators which
were produced in relatively large quantlues, Based on mmnss
production methods with 4 serious intention to meet competition,
heat pumps of the capneity described would be much lower in
price.

M. B. C. Orpram, M.LMech.B., dealing with Mr. Sumzer's
paper, said that apart from considerations of capisal sutlay and
manufacturing capacig it had long appeared to him that an
artificiaf obstacle ro 1 ical development of the hear punp was
created by its expopents, who treated ite theory ab fitie and
liked to emphasize its differgnces from refrigerating machises
insrend of its simnilarity ro them, Fortunately, the revelution in
physics which had occurred since the days of Carnot and Kelvin
had not shaken [aith in their discoveries, & major new line of
thought being thet changes of state were looked on oy disorder-
tiess of molecules without it being possible to solve the deter-
mitisen by which individual melecules were selected to be made
disurderly.

Refrigesating plant bad repestedly been described 29 being
hest pumps raising quantities of heat from one temperature gnd
pressure Jevel to a Righer tempesaiure and pressure level. There
was hardly eny fundamental difference between a rofeigerator
and 8 heat pumyp, The difference tay in the utilization of the heat;
in refrigeration, the heat tsken inin the cold phase was utilized |
in the heat pump, the hest given out In the wuyn phese was
uthized. There were applications where both the cooling and the
warming could be utilized, forming a dual-purpose plant, and
by suitgble cross-over cannexions and controls any refiigerating
plant could be wmilized for ¢yelic cooling and warming. Large
plants were being instaled by British firms for that purgo_m.

The main difference in the design stage between cooling and
warmning applications was in the temperature and pressures em-
ployed in the refrigerans condenser as in warming appiicarions
the candenser water or air was more useful when the tempora-
rure was higher than in coeling spplications, it was usuplly
desirable to desipn for higher temperatures, i spite of higher
power consunption. For that reason, a construction suitsbie for
one refrigerant was efficlently wiilized in conjunction with a
lower-pressure refrigerant without giving justification for any
wry of sacrificing efficiency to expediency. The type of cadeulation
required for designing was familiae to skiiled refrigerstion
technicians, it beitg important 0 remomber that the heat
delivered 7'\, way greater than the hest abstracted Ty, by the
work expended Ty — T, The ratio between hest deliverad and
work expended in the ideal cycle was therefore always greater
by 1 than the rztio between the heat abstracted and the work
expended, i.e. the coefficient of performance. It was therefors
hardiy correct to state that these expressions had entirely different
mesnings numericatly ; they merely differed by 1.

In the practical machine there were many imperfections affect-
ing the calcuiatons of coefficient of performance or reciproeal
thermal efficdency, due to the characreristics of the Hulds em-
ploved, Figures based on the ideal cycle could not, therefore, be
employed when detailed calculations were made. The efficient
use of ineflicieacy could have a grear effect on the vutput of
plants for cooling and warnming,

Dealing with the “history of the experiment” sccrion of the
paper, he would Hke to suggest that rhe specification prepared
and forwarded to manufacturess of refrigerating plants mighy
be published in the Procigpings as an historic decument. For

4%

seversl years in the F930%y mych time and enerpy were expended
by techmiciuns in endeayouring to interest potential vsers in the
utitization of refvigomting plaot as hest pumps in addition to
their normal role of cooling for air conditioning, s well ag for
application a3 heat pumps by themseives.,

Dificuities always srose when tenders were evamined by the
people who had to provide the finasce. Potestial purchasers
normally had finm idess that any equipment for cooling should
oost 161 more-thank ap orthodox type of heating plant for simiar
output or intske of heat, and the more extensive planic and
machinery vecuired for cooling or weiming in which refrigerating
plant was eraployed incressed the capital outlay required to the
extesnt that the money was never forthcoming.

The experitsental work had Fargely been done. The spray or
fiash cvaporator-was in extencled use in 850 and remuained in
use in the 1020°s for cortmin refiigerants. It had taken many
years to convert the potential user 10 the desirsbility of greater
finsncial outlsy for lower running costs and economny in feel,
and Mr, Sumner deserved great credit for heing g plonesr who
decided thar this method of heating was suitable for kis purpose
and for being successiizl in getting spproval from finance and
other commirtess, Tt was unfortunate . 2t the time when he
invited tenderss manufactarers’ output was sbsorhed in pro-
viding for wastime applications. The main difficulty had uo
doubt bean the absence of precise knowledge which would have
enabled guarantess of performusnce to be made. Fn an ern when
fpznce was easier 1o obtain than fuzl, if the engineer could
become more powerfill than the wreasurer one conid ook fore
ward to-the heat pump having a very big fature ; but he could
confidently say thar relactance 1o meke Iarge capital outlays in
retwen for coconomies in operation not yet proven ih practice,
coupled with the fact char manufactaress ‘of refrigerating
machinery had long waiting Hsty of inguivies and comtracts for
applications of hitherte orthodox types, wers the greatést
kindranes to the development of the heat pump,

The matural resulr, therefore, was to look to other methods,
and My, Thomas's paper appeaisd 10 Tévive the cold air type of
machine with the aid of modem types of machinery which coudd
be produced in factoxies making other types. of mmchinery.
Almost aif the types of machines used, or capable of being used,.
&5 heat pumps were deait with in ¢ paper before the Instiration of
Heating and Ventilsting Bngineers in 1933%, and the present-day
refation of supply and dempnd in both fuel and refrigersting
machinery was promoting investigation in alternative Seids.

In connexion with Table 2 in Mr. Thomas’s paper and the
1ext immediately preceding ir, it was poted that the term “com~
pression ratic” was emploved o indicate ratio of pressures. It
wasiraporiant to realize that sutoriobile and other interhal com-
bustion engineers used the tenn “compression ratio” o mean
matio of volumes st the beginning and end of sach piston giroke,
snd not the ratgo of pressures ; this was a legacy of the days when
steatn engines were ubiquitous and when isothermal and not
adiabatic expansion had to be considered. For esxample, in a
compression stroke & “compression ratio” of 16 could mean a
“nreggure rutia™ of abour 40, In Fig, 16(a) the figure of 137 deg.
at dischorge of air compressor did not appear to be compatible
with 55 b, persq. in. (gauge). Pure adiabatic compression from
65 deg. P, even if 100 per cont sir without any trace of water
vapouy, would not sesult in more than 117 deg. B, unless the
barometric pregsure was that applicable to high altitndes,

The section on air drying ratio {p. 31} 41d not appess to have
any special spplicarion to the heat pump. He would hepetily
cndorse My, Thomas™s remarks on the hest exchanger,

Mr. P, G, Kavrmany, AMIMsech X, said thar thoupgh he
had never believed that the heat pump would not work, he was
not quite convineed that it worked economically, He would like
to refer to Table 1 giving the comparative costs of operation,
While the capital cost of the hest pump given there was some-
what on the Jow side, probably owitg t the fact that it was
mainly home-made, the capital cost of the boilers for the output
given was wather excessive, In addition, he &id not think thar
any glfowance bad been made for the fact that the heat pump
needed much greater radiator surface than s coglufired planr, In

* Ornbitam, B, C. 133 L Heating and Ventilating Eog,, vol. 1,
p. 110,
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the sctuel instance in guestion, the radistor swface instalied
seemed to bave been very much on the Iarge sids, because it was
instalied for a flow wmperatare of 180 deg, and could success-
fully operate on 120 deg. it bad been really instalied for
180 deg. & very much smaller surface could have been provided.
He bad caleuvlated roughly that an extra surface of 5,000 10
6,000 sg. fr. was required for the size of building in guestion
te take account of the lower flow temperature, involving =
capiral cost of shout £1,000 which would have to be added to the
capirel ¢ost of the heat pump; and, assuming 7 per cont on
capital charges. thut would mean that the operating cost per
year woukd be £70 higher.

On the other hand, he was not sure why 15 per cent had been
allowed for the fuel-fired boilers and only 7 per cont for the heat
prnp. Was it realiy assurned that the heat pump bad double the
life of the coal-fired boilers, especially as probably a 100 per cent
reserve boiler had been Included in the costé

With regard to the opersting ¢0s1s, it was net guite fair to
vampare the heat pump with a boiler having only 55 per cenr
efficlency. A boiler plant costing as rouch a5 the one in guestion
should have a mmuch higher efficiency over the whole year. If
only 68 per cent was assumed-and be did not think thet thas
was an exaggerated figure for a boiler plant in 2 hig building—
the fuel cost would be reduced to £356 Instend of the figure
given. Mr. Summner had pointed out that the power costs were
calculated at (-84, per unit and not st 3d, a5 stated, bur there
stemed 1 be ather ervors in the table, and he conld not quite
make oir how the sums werc arrived at,

However, if the other figures were taken as they stood, when
allowsnce was made for a higher cffiviency for the conl-fired
boiters, 68 per cent, and for the increased capirad cost for the
extra radiator surfuce, the cost per therm would work our
approximately at 1144, per therm for coal fiving, and st exactly
the same figure for the heat pumyp, with a cherge of 0-6d. per
unit for power. Very fow consumers, howaver, would pay az
titrle as (64, per unit, and if = charge of only §4. was made per
writ the cost per therm would rise 1o abonut 124d. On the other
fiand, if the capital cherges were taken at {5 por cent in both
cases, the relative costs per therm would be 114d. for the coal-
fired boifers and 1534, for the beat pump with power at 0:64,
per unit and 16-6d, with power at §d. per unit. It would be seen,
therefore, from those comparative figures that the coal-fired
buoilers would probably be cheaper, and thar, while the heat
punp wad ot least within the range of economic possibility, it
was definitely not the chicapest fortn of heating.

There had already been several publications showing that
heat could be supplied at a price of 64, to 74. per therm from
districs heating schetnes, snd thor was & figuse which neither
the central hegting plasy vor the heat pump could equal,

With regard to the guestion of comparative fuel sonsumpiion,
again the figures secmied to be open 1o correction. It was
admirted thet it required at feast 25 per cent efficiency of the
station to get 100 per cent output of hest {for the heat input in
tie station, and the average station efficisncy st the moment was
about 19 per cent.

DISCUSSION ON HEAT PUMPS

Mr. G, O, McLaax {London) said Bis mein poimt was the
work which wag being done in America on the small unit, Large
wunits for space hearing and commercial drying wers wel! estab-
lished in Switzerland and in Americs, bur only Americs had
developed the small unit,

He would say as 8 supply m‘gineer that they realized that
although they could compete with other fotms of fuel, heating
by electricity through resistances was wasteful, and therefore
they were very keen on the development of the heat pump,
especialiy for demestle purposes,

As Mr. Hildane had pointed out, the American specificadons,
of which there were copics in this counsry, definitely laid it
down that they required & coefficient of pecformance—or, to
use Mr. Sumner’s term, 2 reciprocal efficiencya—of 4-8, In this
conmiry the ambient winter temiperatures were higher than in
Americs, and also this. country Hked & comfort tempermture
stighely fower than the Americans, 70 to 75 deg, 1., so that the
pesformance should be much better in'this countey than the 4-5,

Mr, Kanfmann had touched on the finandial aspect, and that
wag where the difficuities would arise. The Asmericans had
intimated that their 60,000 B.Th,U. per hr. space heatars would
cost about £300. Unless there was # very big driving force om the
sales side to sell those units, it was thers that serious diffowdties
would be encountered, and therefore he would suggest that the
man};l:fucgurers started mass production in this country of these
sereal] anits.

Mr. H. H. Wesrsroox (London) ssid thar in order to make
the heat pump reaily reliabie, it was necessary te have a certain
source of low-grade heat. He noticed that dusing the winter of
1945-6 river water temperatore ot Norwich wenr deown to 34
deg. B, and be would be very interested to know what it wens
dowm to during the cold spell iz early 1947,

Mr. Sumnes said chet fr went down 1o 33 deg,

Mer. WESTARGOR pointed our that that feft & margin of only
1 deg. before freczing troubles commenced. Puring the war,
he had been interested in shallow sub-surface water suppliss for
dewatering purposes, and alse as a source of very clesr warer
for under-water photographic purposes, There existed in the
London ares, and, in fact, all over the country, extensive reser-
voirs of water within 10 feet of the surface, There were some
2t Harmondsworth which he had tapped, and others in the
Teddington area.

With the help of the Geological Smeg;, records had been
made of the temperstares of those waters, During the winter of
1944=5 many did not go below 50 deg, ¥, and the lowest tem-
perature tecorded 10 feet below the surface was 42 deg. F. It
showld be possible o work on a temperstuse drop of the low-
grade heat source of some 10 to 15 deg., therefore, instead of
b or 2 deg, when pumping from a river. That would limit the
heat pump to areas o which sub-surface waters existed.
Nururally caution would have to be used with deep well warers,
because the cost of pumping wounld be very disadvanrageous
from the economic point of view,

['The suthors’ zoplies will be found st the end of the communications, pp: 48-51.]

Communications

Mr, L. T, Fiscimy, Dipl. Ing, AMIMech.E, wrote that the
building heated by the heat pump, as described in the paper,
was o reinforced comcrete frame building with very large
windows. Fxcluding the basersent and the coureyard entey the
total gross cube of the building appeared to be about 583,000
v, ft.; tms the heated net cube about 85 per cent, Le. 500,000
. fe. & figure which was mentioned in the paper.

The pesk heat demand was stated to be § therms per i,
facking any other information this fipure was 20 be taken as
gross aymount, i.e. the sum of heat fosses due 1o fabric and air
changes, the demand for warming up the system, and distri-

bution losses. Accordingly the average demend per cobic foot
for the peak-lfoad conditions weuld bz [-6 B ThU. per o, 1.
per hr, 8 very low Bgure for s bullding with “very large
windows”. However, he himsel was more concerned whh the
guetient betweent the heat supply 1o the building per anmum
and the aversge hourly heat demand, which gave the number
of working howrs and wis
20,000 rherms per aunum
5 therms per hour
Assuming the heating season in Morwich was 220 days {or

s 4,400 hours per heating season.

18



COMMUNICATIONSION HEAT PUMPS

180 days excluding Sundays), the sverage number of daily
wotking hours st average hesting demand wan 21 bours (an
exceptionsily high fgure), From this figure he would conchude
that the off-peak supply hours must be at least 13 and that
during those 13 hours the losding cccurred at peakederpand
sonditions, Thus it was not clear to Bim what happened during
the heating period corresponding o maximum Ioad.

The author ssid that the figures for the comparison were
based on aceusl facts: he noted that the expetienced average
reciprocal thenmal efficlency was just under 3-3, but the
mc;fmcal thermal efficiency nused in the compearison was rzken
a8 4, 15 per cent higher than actually expericnced. The srated
conbofived coste, however, wers jnst over 8 per cere higher and
with aciual figures the result would have Iooked less favourable,

A most disturbing itemn, howsever, was the high cost for the
solid fuel plant in connexion with its stated low efficiency. Fora
peak demand of § thomms per hour the boiler plant might cost
£280 per one boiler or £360 for two {ar two-thirds load each)
with hand firing. or L6040 for one boiler or £860 for two boilers
{at two-thirds load euach) with stoker firing,

These capital costs were very mmuch lower than the £1.500
stated, On the other hand the efficiency was given as 55 per cent
for solid fuel firing. Fhis fieure could be increased 1o 63 per cont,
and to 75 per cent for stoker-fiving. In the comparison given in
Table & the efficiency of the solid fizel burning plant was kept

Tame B. ComparATIVE {JosTs oF CoaL-FmuEn FEAT-

Poumpe Prawes
i 1
Cosl-fired © Stoker-fired | Heateputnp
installations | inscalavioms | installations
One | Two i Oos 1 Two | With- | With
Doiler ibodlers! boiler Sbotlers| onr  [thesmal
: thermal [srorage
stosnge
Capital cort, £ L2800 ) 360 | 806D { 86D 1 3,000 13,500
fifficiency or recipro- .
czl thermal effi- : :
damey - . L f 0B 06 ] 07 1 07 ; 348 | 348
Annual capital!
charges, per cent . % k4 11 11 12 iz
Annuul caplial .
eharges, £ . L E5% | 32 68 45 360 420
Costof coul or power, H
. . L 404 | 404 134T | 347 680 415
Atendance, £. 230 | 230 | 230 | 230 e s
Repsits, £ . .| 40 ; 40 ; 60 | 60 50 50
lenishrnent of re- : i
ATt £ = e e 28
Tew L. . . [ o9k | 708y 1703, 13z | 1,115, 010
Cost per therm, 4 B4 83 345 ¢ B8 134 184

Jower than it mighe be, Le. 60 per cent for hand-firing and 70 per
cent for sioke-firing, whereag the reciproca! efficiency would
remain as experienced,

A schedule of the approximate Bfe of equipment woudd be
boilers 15 vears, stokers 10 years; and reciprocating refrigeration
machinery 10 years*., i

These figures should be sccepted s basis for the annual
capital charges ; with & rate of interest of 4 per cent the annuat
charges on capital would be 9 per cent for the boiler plant, 11 per
cent for the stokerofired boiler piant, and 12 per cent for the
hedt-puenp plant, Thus the table of compurative costs would
have revised Sgures for capital costs, efficiency or reciprocsi
efficiency, and annual capital . Adse repaies and mainten-
anee should be reconsidered ; three times bigher costs for = boiler
plant than for o hest-pump plat appearsd guite our of
DPRODATTICE. -

This vesult i3 different 1o that given by Mr. Swranee and stilf
mot g the sdvantages of fuel-fired insmilations have been
expressed Srwmcinlly,

* Cammn, WO HL, Campvs, R, B, and Graxr, W. AL 1640 “Modern
Air Cenditioning, Heating, end Ventilating” {Pitman’s Publishing
Corporstion, New York).
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“Finally 2 standard heating installation working at 186 deg. Fu
Row temperature under pesk conditions will cast abour 2+4d.
per cu. fr. for o building of 500,000 cu. &, capacdity, or £5,000.
Az a low tempersture installation, partly with panels, the system
would cost sbout double this, The shove fgures refor to heating
by golid fuel. In round figures the heat-pump inszsHation was
£2,000 dearer than the sohid-fuel installation for the gencrating
plant, but as the later conld only use low tempersture for
rehieving high veviprocal thermal efficiencies, the difference
hetween £,5,000 and £12,800, Le. £7.008 had to be scoounted for.
Tx was clear, therefore, that from a cost angle no advantage cotdd
be had with the heat pump. :

Althoupl these figures were not derived from setual experd-
ments, they were probebly oearer reality than those of M.
Sumner’s, The Norwich plant was specially adaptable for the
low temperature circvlution withowt considerable investment.

Dr. A. Fond, M.IMech.E,, wrowe that the heat pump in a
country where most energy was produced by stesm power
stations with condensetion had very small possibilities of com-
peting with other hesting methods, If, instead of the hea
pump, 2 back-pressure power plang conld be combised with the
utiization of the waste hear for hearing, the power produced
would be eguivalent in goantity to that of a condensation nodt,
It consequently had to be calenbted on 2 high price level and
enabled heat to be supplied far chesper than by asoy other
mesnst.

Supposing that the energy produced could be supplied to a
WD OF state net, ity wtibzadon could be easily secured,

The operation of working a small generating unit parafiel
with an extended net and big power stavions had been proved
possibie,

A combined heating plant consisting of boiler, generator, and
switch-board would not be much more expensive than & come
plete heat-purnp usit, Considering the much lower hext costs,
the differsnce in the expenses coudd be balanced in a few yeurs,
He thought thar i every cese of 5 proposed installation of 3 heat
pumap the possibility that a backepressure stcarmn power plant
voald compete with it should be investigated. Heat consurapiion
which was enough to justify s heat pump would also be enough
for a back-pressure steatt POWEL genCraHng sef.

Heat exchangers which wete used i connexion with heat
pumps should be used in uther heating systems oo, e the
ienr of extracted air from a heated room should preheat the
intaken air.

Mr. A. A, Ganson, MA,, AMIMech X, wrote that he
thought that My, Supner condd not prove o case for the adoption
ot present of the hest pump for heating large buildings,

Mr, Sumner had remarked 1o the effect that “if a heat pump
with & reciprocal thermal efficiency (or coefficiont of perform-
ance) of 4 were constructed. and supplied from & pererating
station of overall thewmal efficiency 25 per cent, then the whole
of the hear in the fuzl borng to supply the hest pump would be
transmited w the consumer”,

Surely this condemnped the hest pump a5 uneconomic unless
a far berter performance became availabie, The main object of 2
heat pump was to save foel,

A consarser who tepizced a boiler or farnage for heating by
4 heat pump would use the same smount of foed, or might, @
best, achieve an economy of, say, up to 20 per cent, He would
slsn save the cost of transport of fuel to his Bogse or works and
funl ired for the transport of his fuel, He would have a
sm(}!ccgw source of heat, and possibly a convenient one, but
these advantages would be more than counterbaleneed by thé
capital cost of the relatively complicated heat pumyp, aond his
proportion of the capital cost 1o install extra pensrating snd
trangmission plant i opder 1o supply the increased foad caused
by his and orher contuner’s heat pumps which weuld be super-
imposed On the sxistng generating station load.

hear pump world alse require a source of fow grade heat
whicl: might be unrclisble ewing to freezing troubles, or short-
age of water sapphy. The heat pump ftself was iess likely 1o be
troubie froe than g simple beiler or furnace.

+ Kanrerr, H. 1345 droddie fir Warmemiresiaft wnd Damphessie
toesam, vol 24, D. 185,
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The hest
g hess s

{1} Water power were availible.

{2 ‘Transpore of fuel were difficalt or expensive. |

%) Hxceptional conditiont wers to exist (e, heating of
swimming bath or process work). :

{4) Convenience and absence of smoke were morr ime
portamt than cost, or refvigoeation were reguired in summer

© {¢.g. Tezidenges).

{5y Irg coefhcient of perfoymance could be increased w8

spprovimately.

With regerd to condition (£} above, & hiph coefficiont of por-

formanece was stifl required in order thet the heat pumy might
show s mdvantige over the eleceric firs or resistmne heater, on
gccgunt of the hirh nfdsl cost zad complication of the former
and the fow indtinl cost and simplicity of the larcer,
- Ik would be inforesting to lears whether heat pwnips having
confBicients of performance of 45 or more (mentoned by Mr.
Haldane as being called for in an American spevificution) coudd
actuaily be consthiscted i these smali gzes of about § KW, input,
Xt would alsy beintersating to leary whether the efficiency of the
fraorions] hosse-powsr deiving motor had bees included in this
figure of 48, i . )

TFhie rest of his remarks reforred to condivion (3) sbove, de.
on whether 4 eneflicient of performance of the order of 8 would
be obtainable, for then, obviously, the heat pump would have
ecapomic advastages which would make it of general appii-
cation whers heating was required. .

e suggested thar the “performance ratio’ of'a heat pamp
whsorbing heat fromm a tource st ternperatere 7% deg, abe, and
delivering heat o2 Duikling ar temperature T dzg. eba. bo
defined as — :

puanp, therefore, was not. likely to be ecopomic

Cosfficient of performaiice of
o . L Teat pump
Perforoannon o efigiendy ratic P etk o7

perfect reversible heat pump

working between Ty and T,

Thiz was by annlogy with the hieat shgine “efficiency matio™

wiich was .
' Thermat efficiency of hear engine working
berween Tyand Ty
Thermsl efficiency of perfect reversible heat
engitte working between Ty mad Ts,

On thig besis, & heat pomp with a coefficlent of performance
{or reciprocal thermnt cificiency) of 4 vsed ro mainmin & room
at 60 deg. B, with an outside temperstues of 32 deg P, had g

Bfficieacy rade =

‘o 4 . ATy
perforenance ratio Qf‘iéH-ﬁO alsT e 215 per ot
60 32 .
An electric fire or resistor heater wnder the same conditions

woutd have sn eficiency raxio of iﬁl“?s““ 54, per cent. (It wis
often clgimed thet an electfic fire had 100 per cent efficiency.)

Overlooking the fall in temperamute Betwean the combustion
gas and the stearm tenperature (which wis mainly due to.limita-
HONS o properties of miateridls Which &3 not arfse in the case
of heat pumps) the officiency . rafie o & modern power station
comprred with o perfect hear engine was ghour 30 per cant.

If the performiance ratio of the héat pump could be ralsed 1o
o comparablc value of 50 per cent, it'woukd have ¢ coefficient of
performance of #3, o

If hest engines with efficiency ratios of 50 pércent could be
budlt, he wondered whether heat pumps with performance ratios
of 50 per cent and hence coefficients of performance of 93 could
he constructed,

He fcit that the efficicncy of reftigersving muachiniey com-
parsd poorly with ther of hést engmines and that improvements
could be effected in rhree wWayei—

{a} Adopdon of cenmrifugat or even axial flow compressors
inplace of reciprocating mechines. Centrifigsl machines were
bemg vsed increasingly in BEvrope and America.

COMMUNICATIONS ON HEAT PUMFS

(5} Improvement in heatoxchangers hydrodynemically snd
thirmodynamically, Mr. Thomas Hed sated thar there hsd
been fittle. or no ingrovement in these in the last undred

yeary, L o

{c3 Abolitivny of the losses Incwred in throttling the

. refrigersnt Hquid at condenser presyuve fnto Hawd sand vapour

at evaporator pressure. It was diffioult to vee how this could

be done, excopt possibly by cooling the liquid se that the
refrigerant remeained Houid duting the thrording process.

Tinless turbines wad compiessors having efficlencies of 97
08 per dent could be busl it did mot appear that the air cycle
hest pump would have 2 suficiently high cosfiicient of per-
Tortaance to be economis noninatly. _

It would appear then that unless the perfotmiance of orthodox
reftigerating mischinery could Be improved; there was lstle -
Lkelihood of the heat pinp coming into geneml wse for heating
Purposes, :

Mr.G. V., Harrar, AJ.Mech E., wrote that ha was Me. Sarge
net’s. deputy during 2 considerdble part of the time thar these
gpmfirmnm- were carded out, and he could vouch for the

ecrivepesy of the instalistion and for the facy that the heating
of the buildings produced by the hear pump was of the zame
standard as that by other methods, B would have been helpful
if the auther could have included actual details of the hest
supplied 1o the buildings by both coak-fired boiler and beat-parmp
methode becmige the darp given on pi 27 were obvlousty approsds
mate. The author's records extended over a nunder of yoars and
congsquently it would have been iluminating to see a chart of
daily indoor and tutside témperatores, osing different heating
methods, so that the effedtiveness of eath type of piant, to meet
quick varistions, could be geen,

He ggreed with the fgure of 35 per cenr efficiency for coal-
Hred boilers but many others would not do so. It might therefors
heve beent helpfid if the avthor had shown greater proof of the
scceraey of the figures, It wes 8 pity ther Me. Sumner deseribed
& non-storage type of heat-pump installation and then finished
by recommending the use of the off-peak load storage type. He,
himigelf, was mor oo confident of the capital costy of the Jatter
scheme and it-was disturbing 1o find that ahtbodgh Mre, Sasner
bad deliberately set our to provide conchusive capital cost daty,
he hiad given neither an temized cost shest of the existing instale
lation nor a'detatled cost of & storage type. He way therefore stili
Left with conjecrure on this all-dmpostant aspect of capirsl costs,

Many engincers in the clectrical induavry would agree with the
suthor thet solid funl o ollfired boilers were uneconomic; kg
thetr oversll cost, but would not go ag far 3z the gwthor in
advocating the heat pumyp, There were wall-koaows and effective
electrical methods of hesting buildings by the use of either high
or low voltige clectrode hotiers. Mr. Stmaer’s information did
a0t sppear to extend to this fefd, and it would be valosble ifhe |
cotld show that on the basis of actual instellation costs (not
gﬁ:)%qc;atcs-} the heat pump could in fact supplent. the electrode

Referring to Mr. Thomas he wiote that the aced for preater
productivity from the Tand and for more aceurate control of
orop quality had lead 1o increased use of grain deying. The pira-
ducts of combuntion of solid fuel and gus contaminated the grais
and hence there hed been an.increased wse of electzicity for this
porpaze. Flectric goain dryers were mmuch more flexible to cone
trol, the hear wus of & good quality, producing no defcterious
cffects and they were econoriiesl fo abome, The wse of electricity
for fhe bulk provision of heat did, bowever, noed spedial indusew
ments to make it worth while, Tihe glectrizal lord was high and
the annwal load fuctor was low. Specially Jow tariffs had 1o be
offered o keep fidl costs down. This bad in the psst been done
on the assumption that graln deyving was on off-peak, or at Jeast.
7 snmmer joad, bat it hed been found thar where g farer had
a grain dryer he frequently used It for his seighbour’s grain reo,
“This Jatter was put through after preliminary storage and consg-
quently grain dryiog frequentdy procesded it Noverpber and
Decemiber. The supply suthority oftsn consider ir to b un~
economic 1o install & 400 KVA, transformner {which was the size
needed o most clecuric grain deyers) and o Ieave it in position
alt the year round. Rither special switching srrangernents had to
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be made with all their increased costs or the vansformer had 1o
Pe (sken away for the major part of the yesr. I it wss left con-
ascted the magnetization Iosses in the equipment consumed a
frge number of units which had to be set off against the saics for
grain drying.

It was therefore evident thay all existing methods of grain
deyving had sersous disadvantages, From the small portion of the
paper thar the suthor had been able to devote to the use of the
air cycle hest pursp for grain drying, it was evident that here
was the real solution of the problem. Agriculiural engineers were
frequently conservative in cutlook and siow to adopt new ideas,
but it would be helpful {f Mr. Thomas could in his reply deaf
mere fully with this application of the hest pamnp. It was most
srongly suggested that the suthor should develop the ideas in
this use of the heat pumy.

Mr. 8. C. Haswsson, M IMech E,, wrote that this appl-
cation, obviously, had great potentialities in its particular feld.
Iowould be of intgrest 10 Jmow the smount of water required to
pass the pump and to reise the tempersture of s building by
1 deg. per 1,000 cu. ft., assuming that the temperatare drop
betwean source and returss to be 2 deg. C.

1o the comparative table on p. 29 it would be interesting 1o
know why the percentage of the capital charge was 15 per cent
for oonl-fired boilers and only 7 per e ox heat pumps, Tf these

eroentages were the same on both sides, the cost per therm by
Eeat pump would not be so favourable when compared with the
cast of coslefired boilers, in fact, in the case of the pomp without
therrnal storage the cost per therm woudd exceed thar of the coal-
fired botler, and with thermal storage the cost wonid be almost
identicaily the same, )

Mr, L. J. Lermg, M.I.Mech E., wrote thar Mr. Sumner had
emphasized the exwaction of heat from the atmosphere, tiver,
or leke but had not specifically mentioned cangls, althouph one
could assume that i was mrended o include these utder rivers,

Ha particularly wanted fo emphasize the value of canals in this
ronnexion and the nocessity had been impressed on him for
some éction to be teken 1o remedy the present heat shortage on
the tines which had been carried out by Me. Sumner.

in connexion with the Leeds snd Liverpood canal, and this
was ne doubt applicable zo ather cansls which passed through
highly industrini centres, there was a considersble zmount of
hest {equsl to some 100,000 to 200,000 tons of cval per sonom
ins hear value) passed fto the canal from the condenging systems
of factory ites, It had been very difficult, up to now, to con-
vince both the local authorities and the factory owners of the
sssets they had in the way of available heat undty, Natogaily, it
was comparstively difficult to ask 2 factory owner to spend some
43,000 for heating plant who airesdy had coal or oil-fired beilers
and the smount of steam required for hesting was so small in
proportion that it did not seem worth worrying about,

However, it should be Jooked at from a somewbat different
angie todry end realized that the heat which was being disposed
ofin the cunals should be recovered and msed for purposss such
23 Jow temperature beating., Then again, there were several
bulldings in the vicinity sitch ag factorics, offices, and dwellings,
which could aiso take sdvantage of the waste heat in the canal
but naturally & certain amount of plannivg would be neoessary.

Mr. Suntier had indicated thet in the heat pump was oppor-
taity which wonkd ultimately show & handsome return,
cpecinlly when. in congested areas a temperatore could be
recorded around 80 deg, I,

Mr. H. R, Lueron, M.C.,, MA,, M1 Mech.E., wrote that at
i gumber of the well or borchole pumping siations of the
Merropolitan Water Bourd the temperatures of the warer, even
in winter, did not fall below 52 deg. 1o 54 deg, F. Tt would,
therefore, appear that sn ample source of heat existed which
should make the space-warming of these stations by means of
heat pumpy & very attractive propositon. So far, however, he
had not been oble to justify the wse of the heat pump eco-
notmically. The stations in question were, or shortdy would be,
deiven by purchaged electric power, with Diesel-driven standby
ant peak-load-rclicving scts. To make the best uwse of the
slectrical tariff It would waunally be ecanomic to run the Diesel
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plant for at any rate twelve hours daily in the winter, therehy
saviag & propertion, or all, of the maximum-demand churge.
The use of the resulting waste heat from jackets sad {generally
by thermal storage; from engine exhawsts was, he caleulated,
miore economic than was the use of 2 Beat purmp even under the
fevourable conditions obmining. Such a concluzion wes most
dissppointing ; #t reight be aleted in the even: of a cheap and
shviple elettrically driven Beat pomyp coming on the market, The
size of the stationz o guestion varied congiderably, bur the
cubsges might be taken for this purpose as varying from 14,000
150,000 o fi. The guantities of weter avaiiable eould be
assumed to wange from 1,000,000 1o 4,006,600 gallons daily,
Could the suthors give any information of developments in
America or elsewhere which would be belpful in this connexion?

Myr, Jouy PHrie, M.1Mech.E., wrote that he had recently
been investigating the economics of the inswilation of a hear
pump for heating 8 new facrory building in Norwey. ‘Fhe build-
ing was somewhdt larger than the building st Norwich, being
20 metres by 63 metres by § stoveys hipgh, Thic building wes in
ferro-concrete with 2% inches of thermal Insulation inside and
all windows were double framed, He had decided that a heat
pummp instelletion in this caze was not sconomical, and the most
economical scheme was heating by means of direcr dlectric
panels. “The cost of electricity in this case wag under 04254, per
unit. The space occupied by water storage tanks for an electeivnl
storage system was too valuable to be sparcd, No tinks coudd
be arranged underground on this site in Norway, as it meant
blasting solid granite, '

It appeared necessary to keep the temperature of the ole-
colating water as low as possible, in order 1o get the makinum
reciprocal thermal efficiency. In Mr. Summner’s paper 2 fgurs of
135 deg. F. was mentioned, and also @ required aly temperature
of 62 deg. ¥. This gave a temperature difference of 73 deg. B
X the cireoluting woter teroperature was 220 deg. ¥, the teme
peratore difference would be 158 deg. ., or approxd
double the rate of emizsion from the same surface ares, It wie
thersfore necessary 1o Inclode the cost of distributing murface in
the case of hess-pump instaliations, ss it was obviously more
cosily than in the case of & medium pressure hot water syster,

Another point to be considered was that for factory heating a
unit heater was the least expensive type of omdssion, and it was
not thought easy 1o use this wnit satisfactorily with o maximum
water cirealating tempeestare of 135 deg. P,

With regerd to the figures in Table 1, he asked whether the
£500 guoted for thermal storage tanks was intended to take into
consideration the fost of productive capacity caused by the space
oroupied.

The fuel mentioned was screened coal of n calorific value of
12000 B.ThIL™s per ib., suitable for wse with an stomatic
underfeed stoker, and also an efficlency of 35 per cene. With full
thesmostatic control a thermal efficiency greater than this figure
should be possible,

No anaval cost appeared to be Included for attendance with
the hear pump, and he considerpd that some fpure should be
included with this eguipment. If thess figures wers modified,
the difference shown in favour of the heat pump would largely
disappesr,

With regard to the paper by Mr. Thomas, this appeared to
be rather 4 matter of theory than of practice, Would it not be of
more pracrical value to concentrate on the wtilization of the 50
per cemt of the low grade heat at present rejected by powsr
stations before concentrating on the development of an alr cycle
heat pump?

Mr. AR Trort, AMLMech E,, wrote that firstly be would
like the heat pumyp to be considered primarily as o refrigeration
spplication, since its characreristics depended on ¢ of
retrigerants and the plant fnvolved wis of the somewhat
specializod refrigeration type.

beat purmp was considered by refrigerating engineers to
be & reality with a future and 5ot just a possibility of the future.
Mr. Sumner’s successful experiment had broughe this reality
home to msny who had hitherto dismissed the pump as
impracticable,

Mention was made, in the discussion, of an Americon standard
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fyare of 4-33 for & reciprocal thermal efficiency ansd this figure
wag not quslified by any temperatures. Table ¢ compiled fom
the charactenistics of a standard compressor of wellkaown
maks gave some idex of the effect of temperanres on the
reciprocal thermal efficiency.

Tamr 9. T Berroy or TEMESRATORE O RECIPROCAL
TERMAL EFFICENGY

Heat gesilable at Reciprocal thermal efficiency with het

1

g water requined ot

i - j -

booo0 0 13T ¥

| dep. F. | deg. F. | deg. F. g deg, F,
3Zdeg. F. . . i 71 j &3 L3t i 44
35 deg, 1. . ; ™ 1 &7 | 56 . 51
30 deg, Ko . . EA I TH | e 54

i i : H

These figures were for ammonia as 2 refrigerunt and did ot
inciude losees outaide the muchine,

A request was made for standardized uvnits, With wide varia-
tion in foads and supply and feed remperatures most such units
would be operating st a lower efficiency than would otherwise
be obtainable and the small gain over solid fuel heating would be
lost. By individual design for each applicaton, which only
entailed securare allocaton of existing stardard refrigeravion
equipment, the highest possible efficiency would be obained
and confidence in the hear pumyp estabdished.

The most advantageons apphcation for space hemting was
through Iow-temperature panels, since thess required water at
about 110 deg. F. and rhis gave e higher reciprocal theymal
efficiency than normal size radiators which would require a
higher temperature, A second application was by direct air
heating gt the condenser.

He would like to sssure Mr. Sumner tha:, using existing
standard equiprment, the Norwich plant could be accomenodated
in abowt € of the space ir ccopied at present.

Mr. T, HExry TuxNgr, M.Se, M.LMech.E., wrote that the
hieat puanp would appear to offer great possibilities in sirdations,
such as the centre of London, where, for example, the large
block of Government buildings now being erscted in Whitehatl
could be warmed by heat oxiracted from the Thames, with a
minirom of smoke and sulphur dioxide production in the centre
of the city, Thus one might evenn rgoover some of the heat
wasted in the cooling water of the Falharn and Bartersea power
honses,

He was recently shown round the Eidgenossische Technische
Hochechule in Zunch by Herr Oehler, an assistant of Professor
Bauer, who waught the econemic use of eleguricity.

He saw the coliege heat pusnp which extescred hicat from the
River Limmar ag it HSowed fore the nearby Lake Zirich and
passed immedintely below the college. "The warer was »

to the river about 1 deg. C. cooler snd the heat extracted from”

it was used for warming the college and s considerable area of
nearhy property.

Approximately three times the amount of heat was thus
obtained, for the benefiv of the Ziirich inhabitants, than could
have been abmined from the normal use of the eleciricity veed
o operate the hear pump, The plant had Deen in successfol
operation for a considerable number of years.

Mr. C.C. Warker (Hmfield) weote that Mr. Surner stated
that 91 Ib, of coal were consumed in the generating station 1o
distribute 1 therm of hest in the building, Since about 70 per
cert of the hear i this cosl was dissipated st the generaring
gtation, the heat ponp started fte part of the o iones ar & grave
disadvantage and this made the results given by Mr, Sumner stil}
more strikng.

It might be practical and convenient to incur this foss in
aenerating viectricity, butir was not inherently necegsary because
the heat pump could be driven by ity own prime mover from

which most of the hest of the fuc] could be recoversd and the
1 b, of coal per therm distributed greathy reduced.

Thiv would mean thet the hear now going up the chimney
and inro the cooling towers of the generating station woald be
added to that arsing from the work of compression and the
operation of the heat putng, Mor would it marrer if thie additional
heat was low grade, since it could be myde use of by caising the
temperatare (1) at which the evaperator worked and thus in-
crease the efficiency of the cycle. -

Perhaps the simpless way of wmking 2 physieal view of the pro-
cess undder these conditions was 1o say that the hese delivered
to the building consisted of (#) that part which was sbsorbed
fromn the river or other external source added to (&) that con~
tairtedt in the fuel which was driving the heat promp. This was as
stared by Mr, Suomer but the pare {8, might now be considerad
a3 constating of the whole beat of the fuel instead of only the
portion which was tumed into clecericity ot the generating
staticn, Furthermors, the efficiency of the engine driving the
heat pump would not appear to matter much for what did not
appear as work wounld be put into the pump as heat. Since the
whole of part (5 was delivered to the building as heat, part (o} -
might be reparded as having been obtained for no cost. )

The best total retum would then be obmained when part {a)
wag as large as possibie reiative to part (5 and in accordance
with the formnuia this involved making the temipemture difference
between evaporator and condenser as smadl 4z possible,

"T'he Norwich hest pump was 4 full-scale demepnstration, the
valise of whicls it was impossible to overstate,

Mr. B. Woop, M.A, AM I Medh B, wrote that My, Sam-
ner’s results should silow anyone to form his own judgement on
whesher the hest pump paid. It was pogsible to understand the
thermodynamics of the heat pump and vet decide that it was
ot an economic success. To be an economic success the instil-
Iation must produce 2 reasopable resars on the investinent {this
applicd only to conditions of stabie price lowed, and during an
inﬁati{m any capital investment might be justified). Most heas
oump projects did not scem 10 be able o do this, primarily
because the capital cost was 50 high in relation o that of alter-
native besting equipmens. It was, therefore, of interest te sce
why the Norwich plant paid, while other schemes did not,

Firstly, the price of the Morwich pump sesmed to bo low in

-relation to that of new equipment of either Britsh or Swisy

origin. Did the price of £3.000 cover only the cost of seoond-
hand equipment and the mechanics! work carried out by the
department, or did it include any of the author’s time shat
of his assistants in the engineering and design of it ? He estimaged
that the price of new equiprent of the same rating would be at
least £4,000 instalied. The cost of large radiators or els
suitable for the lower fow temperature bad o be allowed, The
value of the building space gocupicd by the heat pump might be
congiderable. _

The price of the boilers was quoted as & contra itenr, He sub-
mitted they should be treated a5 a necessary adjunct 1o the heat
pump appearing i both sides of the account, They; or some
equivaient plant, were bscessary 4y a standby m case the heat
pumyp wag pot avaeilable, 2.g. becanse of breakdown, supply
feilure of cuty, ot fivezing of the water. The Iast two causes were
exceptional but might have been expeoted o place any heat pusnp
out of service for 2 considerable period in the wivwer of 19467
and would do so agein, Morcover, it should be noted that often
where the plant was not pur completely out of service by icing
of the evaporator the output was ikely to be seriously reduced
when the water was cold i the drive was by a constany spoed
motor because the weight of vapour aspirated per hour feil off
very fast with reduced evaporator temperature, This mesnt that
the output fell off just when masinum was reguired and em-
phasized the valve of 5 supplementary boiler which could then
be brought inte service, A pile of coal was in fact the cheapest
form of heat storage.

The Norwich heat pump was not 5o sebject to this difficulty
because it had a divect cutrent moter but this should result ja s
higher tarifl for clectrical energy, Any ordinary user might
expect to have to pay a price which would cover costs of geners-
tion and disrribution, Wdso conversion where applicable, and
somse mnrgin of profit, Many conventional tariffe were no longer.

18



COMMUNICATIONS ON HEAT PUMPS

profitable in the light of high coal coste pnd would be even worse
e the effect of increased plant cosrs made fself felt. The heat
pump should not depend on a hidden subsidy in this form,

The next item was Snancisl charges, The figure of 7 per cont
taken for the heat pump suggested a life of twenty years if
interest was assumed 1o be at a rate of 34 per cent. The figure
of 15 per cent alocated to the boilers with 34 per cont money
rate implied ao amortization rate of 114 per cent per anmum
which was valid for & fife of about 74 vears, so they should now
be time expired! Since the boilers, as mentioned above, were a
comitnon ifem it was only the difference in Hfe attribuzable to
their more Intensive use that nesded 1o be brought Into account
and any omission of spare capacity. Any difference in life was
of smail order because such bollers had an osdinary Hfe of st
loagt twenty years with normal use, or thivty vears for only
occzsional use, It wae not <Jerrs whether any capacity was spare
put he had ussumed 20 per cent might be omitted where a heat
pumy way instalied. :

In accepting the suthor's figure for attendance he would
point out that in many schemes the cost of attendanes to boliers
coukd pot be clalmed to be entirely saved by the instailation of
hear pumps. Boilers even when not automaticelly fired were
generatly stoked by a night watclunen or janitor whose services
were stifl required.

Bepsirs and maintenance 1o boilers at 13 per cent por annum
wag extraordinarily high whereas that for the heat pump 1% per
cent per annut was surprisingly low, bearing in ming that it
way second-hand plant, Hven with new plant a higher allocation
would be necessary sincs such plant was somewhat suusual and
valled for servicing by spedalists whose services were expensive,

Taking into account some of the sbove points an expense
aceount could he drawn up for & more gensersl case somewhiat
25 in ‘Fable 10.

TaprE 10, Bxrunsg AccoUuNy FOR COAL-FIRED AND HEAT-
Pume SCHEMES

Coal-fired | Hear~puumy)
sinte, £ 1 scheame,
Capital costs —

Boilers 1,500 1200
Heat pusnyp -— 4,000
Total 1,500 4 5,200
Finmmein] charges (31 per cent interest rarg) pive] 2gg
Coxt or cleciriciyy . . . R §44 il |

Attendance . - . . . 230 —
Bepairs and maintenance 75 5
Tozal B5G 1,022
Peficht . . . . . — 172

I fimancial charges were deleted the hest purrp showed a
vield of £69 per anmum of §-87 per cent on the extrn investment
of £3,700

Mre. 1. A SoMneg, in repdy, emiphasized that the Norwich
Heat Pump should nor be regarded os unything other then an
experimental plant bullt under adverse conditions with a view
to demonstrating thar & large best purnp could work satis-
factarily, in this country, for building heating. The design wag
in many respects unsausfactory owing 1o the condirions undey
whick it had been built and the lack of sufficient original desipm
and rest data. The choloe of refrigerant, for example, had been
deterrnined by the chamacreristics of the exdsting second-hand
ice-making comproessor, These characteristics allowed for certain
bearing pressures, exc, {(when used s a refrigerator]), based upon
the knowledge that the maximum tempersture of the refrigerant
in use would not exceed approximately 90 deg. F., whereas for
the purpose of this experiment it had become necrasary to work
st temperatures 28 high as 200 deg. ¥, Such conditions ruled
out the possibility of nsing emyponia or carbon dioxide as the
refrigerant, and the only alternatives had been those of freon,
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methyi chloride or sulphur dioside, since only those refvigemnts
permitted bearing pressures and conditions within the origing]
{refrigerator) design Hrits of the comipressor. Freon had not
been availabie and it had not been conddered wise 1o use methyl
chioride ; therefore, sulphur dioxide was used,

He had had nodataabout the use of sulphur dioxide inquantities
28 large as 1,000 Ib, or more, and data subsequently obtained
158 the experiment proceeded did not recormmend the genersi
use of sulphur dioside for hest-pump parposes. He hoped,
however, that the Norwich cxperiment had its purpost
of demonstrating that 5 somewbat crude heat parp, uyed under
congidesable working difficulties, could wield an averaged
seasonal reciprocal riermai effciency of the order of 354
under normal Brivish winter conditions.

Probsbly the paper insofficiently explained. that the experi.
ment covered long-tersn s continuouy messurements of the
efficiency of the coal-fired hodlers as well a5 of the heat pump.
If the data from which the reaulta were derived were witied,
the velative costs and efficlencies for hest pump and boilers
respectively would be changed be agreed, but he enphasized
that the experimént was primarily a Jong-term collection of facts.
‘T'bese fucts were based upon hourly and dally readinge of heat-

-flow meters, ote,, and were gvailable for inspection. Hence, it

woald invalidate the value and purpoge of the cxperiment 1o
de as one or two contributors suggested (notably Muessrs, Kauf-
mann snd Garson) and o alter earefully ascertdined data, in
arder to argive at g different resulr,

Mr, Haldane’s reference to recent Amesican developments in
conniexfon with small domeste heat pumps was valuable, The
reciprocal theremsal efficiencies of 3-33.453, specified for the
Americen domestic units, were higher than would normally
have bren specified in Crest Britmn, On the other hand the
menufacturing and design technique for small snd medivm size
cotpressors Was probehiy more advanced in Ameries than in
Crest Brimin, He esmegtly supported Mr. Halkdape's plea that
the refrigeration, efectrical snd heating industries do this countey
should meet on common groursd and exenine, with unbissed
minids, the possible manufacture and development of heat pumps
in this country. He agreed with Mr. Mclean’s suggestion that,
in the more faveurable Enghish climatic conditions, the American
figure of 4-5 could be exceeded. The Norwich expotimnent supw
ported this contention. )

The experiment “relates particuiarly to 8 heat pumy designed
for g muxirram output of 8 therms per hour™. Of these & therms,
the compressor provided only approximarely 2 therms and the
balance of 6 therms was picked up from the river. Mr, Hurris
wonld see, therefore, tha: the 16-ton (1-92-therm} corapressor
vould provide § therms per hour o a bullding if the reciprocal
thermal efficiency were in the region of 3538, assuming that
the plant could be overloaded to the cquivalent of approximately
183 tons per hour capacity. About three-guacters of the heat
provided for the building was picked up from the river and ot
provided by the compressor at all.

My, Haois's constructive suggestions with regard to the het
speings at Bath were of value and might lead to further invesi-

red

Mr. Jacksow’s waltmble contribution confirmed the general
Norwich repults, and Mr. Jackson’s wide experience supported
his own statement thst an annua} boiler efficiency of 55 per cent
represented very good aversge resuits for the ordinary hesting -
boller~~while 45 per cent wus & more nonmal Sgure based on
seasonal efficiency. He himself sgreed that the maintenance
figures generally given for boiler plants related to new plane
with competent maintenance staff gvailable, and not w operating
conditions after the plant had been installed for some years,
Mr. Jackson’s views were fully supported by results st Norwich,
where &t conl-firad boller was used exclusively for three winters :
there was 5 tendency for vory rapid and expensive deteriora-
tion of the boilor heating surfaces unfess very great care was
taken, and ezpenditure ihcurred, to maintain those heating
surfuces when the boilers were not in vse. Unless competent
ansd technieally-treined operarors were in charge of the plant,
the efficiency of the boilers was of the order of 50 per cent as
rompared with 70 per cent when skilled operators were tsed,

I facts and figures were adiusted in the manner saggested by
M. Kaufrmann it would, of courge, be equally possible to adjust
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the performance of the Nerwichk Heur Pump to that of & modern
msnulactared product, working uader much better conditions
than those at MNorwich and giving & reciprocal thermal efficiency
of £5: by further adiustment of the facts and fipuves oste could
Jift i 10, say. 5. The paper did not set owt 1o arbitrate betwoon.
valise of hest pumps and disteict bemting scheines. It
deseribed only the resulis of a particular experiment, and was
ot doterded to deal with geﬁemhxamag ar with the ecnnomics
of distier heating. ‘schemes.. ITn his own ﬂ;ﬂ.mon, there was »
distinet fisld avaiinble 1o ench of thuse methods of heaving.
The porpose of the Norwich experimont had been 1o produce
earefiully myeasured actual opesating results in place of the
- Jucgely hypothetivat data previously available. Was it possible
for Mr. Kanfmann to praduce, for = given boiler plmt, con-
Tinwous messurernenty of hear flow (B.ThU) with socurate.
weighing and czlorific value extending over three yewsrs, as had
been done at Norwkdh, and from these contiuous. leng-term
datz to show that 68 per cont averape value efficiency had been
obtained for a given boiler plant? In Hir own experience fnost
of the high boiler efficiesdes quoted had been the result of
short-term §8-hour tents made under the idesl opemting cons
ditzogs' which existed when the planz was instalied and Inigally
teste
o appreciated Mr, Melear's support, sad agreed that mmsn-
production in Grest Britain wounld be essential if heat poiops
were wsed to mny lacge degree, Mass-production. bad already
comrrenced in Amoerics, and the rising price of coal made 2
Iemt pump with & capacity of -8 therms per hour at 8 cost.of,
L3000 4 very attractive propositiony the seeoess of the heat
pamyp would be propordonat 1o the increase in the cost of coal.
He had nor ietended to emphasize the differsficn Between
heat pumps and reftigerating machines, Technicians en-
deavonred in zhe 1030°: o interest potential ‘users in the heat
pamy, and tie picocer work of Haldane had been acknowledged
m s Inteoduction) wdustrisl cowsl prices, however, pow
averaged 5¢ shillings per ton as compared with about 13 shillings
in the esrly 1933 and the potential wsery, in their tern, were
Trying to obtain hest pomps from the technicians, Mr, Oldham
complained of the Iack of standard or National specifications
and guwrantess, and it wasto be hoped thet Mr, Heldane's plea
in the course of the discnssion, and his work, would bear fruit
in the nenr foture, Fhe British Electricsl und Alled Endustries
Research Association had formed a Commndrice to examine these
eestions.
# Perhaps Mr, Westbreok had overiooked the fact thar water
wis taken i at same distance below the surface, where tempera-
zures wondd alweys be higher than at the surface, wnder secface
fcing conditions: But this reference 1o, und extensive knowledge
of, the tempevatures wnd locetion of wndergrownd water supplies
were of great value,

He falled ¢ appreciate Mr. Garson's poimn thet the beat

pump was Dot sconomdc if it “merely-delivers o the constmier
thc wiw!e of the heat svailable in the fuel burnt to prodoce that
heat”. Any other process of building heatlng would deliver to
the buiiding only 40-60.por czat of the heat in the fuel burnt,
aned an increase in this value 1o 100 per cont, by means of 2 heat
pamp, was sarely a saving, I the heat-pump load wete off-peak it
wotld not increase in the slightest the generating plantrequired ;
¥ the load were om-pesk it was possible that an equivalent
amont of sxisting electric-radintor foad might be climinated.
The supply undertaking in any csse would makd o fixeds
demend Rilownet charge sefficient tomeet their increased capital
charges on the exors ganerating ;ﬂmt (in Table 1 a sum of £45
per BV A, has been charged), ‘The Central Elecrricity Authority
{now paping over £40 per KW, of ‘plant insteBled) teed fnstall
only about ¥ XW. when a heat pump was vsed, a5 wmzmteti
w‘;t}?a; LW, if sn elcomic mdistor or dlectrode boiler were in-
% .

He sgreed that, ot the present tlme, water needed 1o be avait
abie as the low.orade heat source, but be oould see mo resson
why Mz, Garsor's other four conditions should be stipulated ag
seonomic neccssities (n particuiar that a minkoun reciprocal
thermal efficiency of & was required). A heat pump which did
rerlize those conditions would requite d@ power dopur to the
compressor of 3,412 B.ThAL pa:qhour op only } kKW.-br, w
vesult in o hest fnput to the building of Bx3,412 or 27,296
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B. TR per howr, Approsimarcdy 22 Ib. of coal would be
burned st the power station to produce one kilowatr-hous,
wherras the heat dnput of 22,206 B.Th.U. per hour to the
building would be agoeal to the learin at lenst 2 [b. of con s the
amount of hear which. Mr. Garson’s heat pamp-would put inro
the bllding would be neardy twice the heat inttially in the obal,
sred this would sior be “oncconomic™,

e reminded My, Fischer tha Ehe_ fiedt requitements were
continuously measured and integmted by BUThU. méters,
instafled In 1940 and giving results, under test, correct within
2 per cent, -

He was surprised Mr Fischer should say thar Hgores not
derived experimentadly were probably nearer to roulity than
thase derived ffom s long-terma experimyent.

He agreed with Dr. Hond thet-the wiilization of » heat pusy
with a back-pressure power plnt was o matter whick ghould
result in very considerable coonomics—g ficld of development
nott yet expiorecg which would wltimately show . remarkable
ecofiomy.

The Norwich: plam was designed so.thar there showld he xmt
more thets 1 deg. B, fall in the water ternporature. during its
passage through the evaporator. In these Circumstances, 458
gal. per min, were pumped throngh the evaporator. Ezperience
had shown that this was an excessive quantity, sad one could
allow 10 deg, ¥, fall in the evaporator over a bege pare of the
season, reducing the emoum {:f watcr oportionstly, gs weil s
the power consemption for p

Dasily of the cud-fired bm},c*r .md of the Beat supplicd 16 the
buildings, efc., were excluded for Tuck of space.

Carials weee of value s possible sources of low-grade hesy,
provided: there were fo. dificities due to loesl racironiztion—
#r fnportant poitg i the case of the maoen static canal. Fleat
pessed from power stations, tc., into riverd or canaly wds not
5o valusble as one might lmagine, but Mr, Lepine had raised 2
favonrable point worthy of further consideration.

He did not sgree with Me. Lupron that it would be more
soonomical to run Diese! eogines snd to recover some of the
waste heat from the exhausty eto,; then to use 3 heét pump, At
best ene might obtidn, say, 50 per ceat of the heat originally in
the Diesel oila rocovery of rather lese than - swice the hea
used to drive the prime mover, and equivaiont to ¢ reciprocal
thermal efficiency of less than twe, 88 against four for the heat
pamp.

Mr. Philips was fortunate 1o obtain efectricity at imcier 254,
per BW.-hr. The £500 quorted wag the actual cost of the thennal
storage taks and did not cover loss of productive capacity
caused by the space oncupied by the tarks, They were in the
Busertent of sn admindstrative building, and he theught too
spuch urention could be patd o the loss of praductive capacity.

In the paor, refrigerating engineers hud not comgidersd the heat
pump 10 be & “realiy for the fotire™ s cheir views had changed
in the kast vwo or three years but the remgemmm sngineer had
been brought up 1o consider the economic and efficient cooling
of substances and to regard the resuiting heat as having a
nnigance valpe, It.was difficult for him o consider the production
of heating, with cooling as 3 secondary congiderstion, and the
heopt pump &1 Norwich wis given & somesvhiat cool reception by
refriperation enpineers at the begihiing of the war, e did, of
COURSE, SAPPRTL VEry ﬁzliy Mr. Trowt's ool for standardized
trpte,

He supported Mr, Turnet’s statement and views with regard
to theswork aleeady carried out st Zivich,

M, Wolker referred to a very importany bup hitherto un-
explored field, whes he suggested a hicat pump driven by its
own prime mover from which most of the fuel-heat could be

refovered.,

FThe figure of £3,000 did mot cover any of his own time in the
constoaction end design of the plant, bur did include, wnder z
vegy caveful coste system, all the Iabour and materials which
were psed, much af the former Being arovertme rares. e did
not disagres with Mr. Wood that the ;mce for new. couipmont
at the sume rating would be in the meion of £4,000, installed,
considering the small numbers of mschines Bkely 1o be produced
in the nesr future ; he was not so sure that it was desirgble 1o
ingeall & coraplete boiler lag-out 1o meet possible faiture of the
heat pumgs, Freezing of the water at the lowwgrade hear source
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COMMUNICATIONS ON HEAT PUMPS

nsed not cause conmcern, since the phenomens of maximum
density provided facilitles for working under extremely low
temmperature conditions, gives & sufficient depth in the source
of water. . The possibility of supply cuts or failure had long been
raised o dissuade people {rom wsing electricity, whether for
heating or for snv other purposes; people were not sasily dis-
suaded, however.

Mr. Walker should romember the value of the guantum of
coa] which might not always be available to keep bis boilers
munming for the whole of the heating season,

Tt was not intended, however, primarily to demonsirate that
the heat pump was cheaper or dearer to run than the coal-fred
boilers, but to provide data from which people could form their
own conclusions,

Mr. T. F. Tuosas wrowe in zeply thar the discussion and
comprnaniestions bad perhaps served 1o dndicate the relative
spheres of application of district heating, the vapour compression
heat pomyp, and the air cyele heat pump.

District hesting within a definite radius of a thermal power
station wis surely en overdue development, but it involved
cagiral sxpenditure, both inside and outside the power station,
which supply authorities had so far been reluctant o face. On
the other hand, the heat pumyp was the consumer’s responsibifity,
and might well be instalied ourside the areq of districe heating,
or while awaiting indefinitely dts srrival. The vapour comprese
sion cycle was admdirably adapted for that purpose, and Mr.
Otdharn said it had been gvailsble for that puzpose since 1930
(though, surprisingly, without guarantee of performance).

‘The air cycle heat pump had & special interest as an air drying
machine, and wherever 4 warm and, or aiternatively, & cold air
supply was required.

1t was in comparison with the use of electricity for resisiance
hesting that the hear pump showed considerabie thenmal economy
and ¢ better fnancial rerarn {Mr. Jackson's Tabie 7} For this
reason the Americans were developing the domestic heat pumyp
unit a3 & swbstitite for direct electric heating.

Similarly in this country where elecericity was employed for
heating, we had to congider the heat pump as a serious competitor
and, i it was air hesring that was required, ns in aly drving
nrocesses, then the air oyele heat pumyp was worth investigating.
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The special feature of the vapour compression machine was the
large amount of heat transferred per cycle owing to the erderliness
of the molecules leaving an evaporating liquid with so much
more heat energy than that of the molecules left beyind, "Fhe aie
cycie heat pumyg without thiz advantage was compelled to trans-
fer myuch fess (net) heat per oycle, with correspondingly greater
proportional losses, bue it could nevertheless tramsfer & cons
siderable quantity of {gross) heat 10 a stream of feesh alveea
significant point in coonexion with verilation and deving,

Mr, Harrap pointed out one possible applivation of the air
cyele heat pump in gran deving. Grass devisg was another;
in both, either electricity in a straightforward cycle as in Fig, Ha),
or an oil engine arranpged for waste heat recovery, could con-
ventently be used ss motive power. In those applications there
was 110 objection on sccount of noise of machinery or of puisance
cresred by exhaust ar dewpoint temperatire,

Several contributions referred to the very considerable hent
source available in this country, inciuding rivers, canals, and
anderground water which in somc cases was availeble ot a
surprisingly high temperature throughout the vear. The relation
herween heat sonrce and heat avallsble, required by Mo
Harrison, might be expressed, simply, thus: for ovary BUTREL
per e, ft. per hour of heat demsand, abour 400 gallons of
water per 10-howr day per 1,000 cu. fr. hested was required, i
the water temperature drop available wag 1 deg, Fe—propor-
tonstely Iess or more as the water temperature difference was
greater or less than T deg.—assuming a heat pump pesformance
ratio of 3-5. .

Toreply to Me, Oldham’s query of the nature of the compros—
sion assamed In Fig. T{a), it had to be pointed out that, in alt
vases, nefficiency was represooted as & boat gain, a3 would be
the case with centrifugal or azial-flow compreasors as distinet
from reciprocating tompressors where a heat loss to the cvlinder
walls tock plave--hence the slope of the compression lines on
the chare, Fig. 9,

In fairness to Mr. Surnner, the least that could be said of his
achievement was that he had heated a building sbout one<third
the volume of Carliol House at Newcastle upen Tyne with an
expenditure of something Bke one-tenth the electricity required
for thar all-clecsric instaliation, as described some seventuen
YEUTS BED.
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APPENDIX 4

Calculations Supporting the Options Analysis for Space Heating
and Domestic Hot Water in Duke Street

General Information.

Let h be heat loss rate for building in kW °C™" and if there are D degree days in a year, then
the total heat requirement (H) in the year will be.

H = h*D*86400/10° TJ s (1)
If W is the total hot water requirement, the total energy (E) required is
E=(H+W)/ma (2)

and the associated carbon emissions C. will be

Ce = E*ef/na ............................... (3)

where e; is the emission factor for the fuel used
and s, is the efficiency of the appliance providing the space and hot water heating. In the
case of a heat pump n, will be the coefficient of performance.

The hot water requirement will be:
365*L*4.1868 * (T, —T.,) = 1.528*L*(Th—T;) MJ perannum
where T,, is the temperature of hot water
T. is the temperature of cold water main

L is the number of litres of hot water required per day.
the 4.1868 factor represents the specific heat of water in kJ/kg.

For gas appliances the emission factor is taken as 0.186 kg / kWh while for electricity a
factor of 0.43 kg/kWh as declared by DEFRA (xxxx). This figure was the situation in about
2000, and since that time the figure has risen (5% in 2003 alone).

The heat loss rate (h) is composed of fabric losses (f) and ventilation losses (v), and it is
these latter which may be recovered in heat recovery systems.

The total ventilation loss V is given by
V = v*D*86400/10° TJ (4)
while a heat recovery rate from ventilation ( r ) is assumed.

Thus the heat energy recovered =r*V (5)



Four key temperatures are assumed:-

T, — mean temperature of the river during the heating season

T, — mean temperature of the circulating main for option 3 — provisionally 45°C

Tr — mean temperature of the heat recovery from ventilation

T, — mean temperature of circulating main for Option 2 which is also the temperature
required for hot water (T,,) — provisionally 55°C

The isentropic efficiency of the heat pump i.e. the actual efficiency of the heat pump as a
proportion of the theoretical Carnot efficiency is defined as nisen

With the exception of Option 0 — the base case, provision for heat recovery may be
considered

Option B - Base Case — individual Gas Condensing Boilers providing Space Heating and
Domestic Hot Water.

This is the base case without heat recovery.

The total energy requirement will be as indicated by equation (2), while the associated
carbon emissions will be given by equation (3).

i.e.

E= (H+1528*L*(Th—Tc) )/ Na

If these are total emissions are specified in terms of floor area this will provide a comparison
with current building regulations.

Option 1: Individual Heat Pumps for each flat: Communal main circulating water at
river temperature. Individual Heat Pumps to provide heating and hot water requirements to
each flat separately. Heat recovery would be incorporated as standard in this option.

Option 2: Central Heat Pump (without heat recovery): - Central Heat Pump with
communal main running at 55°C providing sufficient temperature for hot water.

The Coefficient of Performance (C.) of the heat pump operating between temperatures of T,
source (river) and T, (supply) is given by:-

CZ = (T2 + 273)/(T2 - To) * nisen ............................. (6)

In this case, equation (2) modifies to become:



1
E= (H+1-528*L*(Th-Tc))*c—2 ............................. 7

Option 3: Central Heat Pump (without heat recovery): - Central Heat Pump with
communal main running at 45°C. Domestic hot water provided by a top up above this
temperature using electric resistive heating or a separate heat pump.

The Coefficient of Performance (C4) of the heat pump operating between temperatures of T,
source (river) and T, (supply) is given by:-

C1 = (T1 + 273)/(T1 - To) * Nisen it (8)

In this case, equation (2) modifies to become:

E= (H+1.528*L*(T, - Tc))*ci1 ............................. (9)

However, this does not raise the hot water temperature to a high enough level (i.e. to T,
rather than T,). This additional heat may be supplemented in one of two ways.

a) Electric resistive heating. Though resistive heating is normally both energetically
inefficient and emits more carbon dioxide, since the temperature is raised nearly to
useful temperature, the additional energy is relatively small, and electric resistive
heating is a possible option to consider, and might represent a better option than
option 2 above.

The supplementary heat required for the hot water and provided by resistive heating
in this example E;,, is given by

Enw = 1.528"L* (To=T1) e (10)

The total energy requirement in this option would be

E= (H+1.528%L*(T, - Tc))*CL + 1528 L*(Ty = Ty)  eeoeeeeeeeeeeeeeees (11)
1

b) Supplementary Heat Pump: This version would use a dedicated heat pump for hot
water heating provision for groups of flats. The evaporator circuit would draw from
the main communal main at T, while the output put would be at T,. By providing hot
water in this way for groups of flats would overcome the issues of heat recovery as
diversity would be automatically be factored in. An additional requirement for this
option would be the need for a second heat meter in each flat.

The Coefficient of Performance (C,) of the auxiliary heat pump supplying the hot
water and operating between temperatures of T source (communal main) and T,
(hot water supply temperature) is given by:-



Cu= (T2+273)(Ta=T)* Meen oo (12)

The total energy requirement in this option would be

E= (H+1.528*L* (T, - Tc))*ci + 1.528*L*(T, - T,) *cl

1 w

Option 2R: Central Heat Pump (with heat recovery): - Central Heat Pump with
communal main running at 55°C providing sufficient temperature for hot water. Heat
recovery from a proportion of the ventilation would be returned to communal main using an
auxiliary heat pump.

The Coefficient of Performance (C,ux2) of the auxiliary heat pump supplying the hot
water and operating between temperatures of Tgr source (temperature of effluent
ventilation) and T3 (hot water supply temperature) is given by:-

Caue = (T2 + 273)/(T2 - TR) * MNisen

With heat recovery, there will be communal auxiliary heat pumps on each floor which
will take the heat from the recovered ventilation heat and return it via these heat
pumps to the communal main return pipe.

The heat recovered (Q) is given by equation (5) = r*V .
This is the amount that may be recovered via the auxiliary heat pump.
In the auxiliary heat pump

Q1= Qo+ BEae = Bae " Caxe SO0 EBae = Qof (Caue—1)
Where E..x is energy input into auxiliary heat pump and Q
So total amount of heat returned from auxiliary heat pump (Q)

C

C
= *__JAUXZ ey R _CBUXZ e, 15
Q=Q; Couz —1 C 1 (15)

aux2

Thus the heat to be supplied from the main heat pump will be reduced by the amount Q, as
specified in equation 14, and the initial supply of heat by the main heat pump as indicated

by equation ( 7 ) must be modified to:

C
E, .= (H-r*Vvs _—22 1 58%],*(T, - Tc))*cL (16)

aux2 ~ 2

and the total energy input = Enan + Eauxe



C,u 1 1
or Emain=(H—r*V*a—“2+1-528*L*(Th-Tc))*c— + r¥Vi———  (17)

aux2 2 aux? -1

Option 3R: Central Heat Pump (with heat recovery): - Central Heat Pump with
communal main running at 45°C. Domestic hot water provided by a top up above this
temperature using electric resistive heating or a separate heat pump. Heat recovery from a
proportion of the ventilation would be returned to communal main using an auxiliary heat
pump. As with option 3 there are the two versions, however, there are now two versions for
recovery temperature:- (1) at T, in which case resistive heating would have to be used for
hot water or (2) at T, in which case the temperature is high enough for hot water anyway.
The option to have two auxiliary heat pumps one providing heat recovery only and the other
providing the hot water would not seem sensible.

The energy required in the main heat pump will be similar to equation (15) except that the
coefficient of performance is different i.e. C; replaces C, At the same time the coefficient of
performance of the auxiliary heat pump will be different at C, instead of C,ue as the
exhaust temperature for the auxiliary heat pump will be T4 instead of T,.

Caux1 = (T1 + 273)/(-'-1 - TR) * nisen ............................. (1 8)
The energy required in the main heat pump will be
C 1
Epgin = (H-r* Ve 2 1 S8% L (T, - T))*— ... (19)
aux1 — Cl

while the total energy requirement will be
Emain + Eaux1 + Ehw

Where E;,, is the additional energy required for hot water and provided by electric resistive
heating as in option 2 above.

C 1 1
= (H-r*V* —21 1 528+ L*(T,- T.))*— + r*V *—— 4 1.528* L* (T, - T,)
1 c C 2 1
auxl — 1 auxl —

...(20)



APPENDIX 5

Schematic Drawings of
System Options Investigated
during Feasibility Study
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Individual heat pumps no recovery
Individual heat pumps with recovery
Communal scheme 55°C main no recovery

Communal scheme 55°C main with recovery

Communal scheme with 35°C and electric resistive HW heat-
ing: no recovery

Communal scheme with 35°C and auxiliary heat pump for
HW: no recovery

Communal scheme with 35°C and electric resistive HW heat-
ing: with recovery

Communal scheme with 35°C and auxiliary heat pump for
HW: piggy back on primary main - with recovery

Communal scheme with 35°C and auxiliary heat pump for
HW: on recovery main - with recovery
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APPENDIX 6

The Benefits of Under floor Heating

The temperatures at which underfloor heating systems operate around 35°C correlate well
with the output temperatures of heat pumps than traditional radiator systems which operate
at nearer 80°C. With the other benefits highlighted below it made environmental and
financial sense to include its use in this feasibility study.

The general benefits can be listed as:-

¢

Being totally invisible underfloor heating systems eliminate wall-hung radiators
allowing complete freedom of room design and increase usable floor area.

They are silent running and should last the lifetime of the building. It has been
estimated that they can save 25% on fuel bills.

The systems runs on lower water temperatures and is ideal for use with modern high
efficiency condensing boilers and heat pumps.

As it operates at a lower temperature there is an observable increase of around 12%
in relative humidity.

The degree of thermal comfort experienced in a radiantly heated room surpasses
that of convective heating because the temperature profile generated matches that of
the human body. The surface temperature of a radiant floor, 26°C, matches that of
the soles of the feet and the Mean Radiant Temperature (MRT) experienced at eye
level, about 22°C, is sufficient to allow a natural rate of heat transfer from the head,
which has a normal skin temperature of about 28°C.

The temperature of each individual room or area can be fully regulated by a
thermostatic timer which controls the temperature electronically and enables the day
and night requirements to be pre-set automatically.

The requirements for low surface temperature in places such as nursing homes,
schools and hospitals, makes underfloor heating a natural choice as there are no
dangerously exposed surfaces

It creates a healthier atmosphere as the constant floor temperature cuts airborne
bacteria, dust and dust mites, pollens, draughts, condensation and damp.



APPENDIX 7

Duke Street Feasibility Study, Norwich
Technical Information on CaSO4 Based Floor Screeds.
There are 6 key commercial or environmental benefits of a Lafarge Agilia Screed A (Gyvlon)

based pumpable flowing floor screed in comparison with a traditional sand/cement screed.
These are:

a) Speed of construction
b) A reduction in the design thickness of the screed
c) Better compaction of the finished product.
d) Improved conductivity
e) Lower embodied energy, frequently made from industrial by-products.
f) Less harmful to operatives or the environment than cementitious products
a) Speed of Construction — Pump-able flowing floor screeds allow greater areas to be

poured much more quickly and easily. A traditional sand/cement screed gang is able to
apply around 150m2 in a day. Over 1,000m2 is easily achievable with a flowing floor screed
with the same number of men. Further with full curing taking place in only 7 to 10 days, it is
possible to force dry the screed after 14 days. (This must be carried out in line with the
manufactures instructions) This has huge implications in programme savings on site with the
screeding operation taking considerably less time. Further the screeding operation may take
place far later in the building process.

b) Reduction in Design Thickness — CaSO04 floor screeds exhibit virtually no
shrinkage and will not curl. Their flexural strength is up to four times greater than a
traditional sand/cement screed. As such they may be laid far thinner. Typical design
thickness are:

Unbonded Floor 35mm
Bonded Floor 25mm
Floating Floor 40mm
Underfloor Heating 50mm
Traditional Sand/Cement 75mm

This can be translated as a weight saving due to the decreased design thickness required or
the screed zone can be kept at the same thickness by the addition of more insulation
material.  All applications use considerably less screed material, which can give a
considerable saving over a sand/cement based floor screed. There is also no need for
reinforcement.

c) Better Compaction of the Finished Product — Traditional sand/cement screeds do
not lend themselves to placing over underfloor heating because it is very hard to get full
compaction over the pipes, often leaving air filled voids, which insulate rather than transfer
the heat. A flowing screed gives full closure over all the pipes and insulation used in
underfloor heating applications allowing the heating to operate more efficiently.

d) Improved conductivity - In underfloor heating applications the cover from the top of
the pipe to the top of the screed (nominally 35mm) is significantly reduced. This allows



much more efficient operation than a standard sand and cement screed which is further
enhanced by the better conductivity.

The French have conducted the Thermal Conductivity testing and their current figures are:
+ Mortars based on CaSO4 2.5-2.7W/mK say 2.6 W/mK
¢ Mortars based on Sand Cement 1.7 - 1.9 W/mK say 1.8 W/mK

They have a full set of data, which we have attempted to obtain. This data contains
information on their experimental methodology and also a comparison between CaSO4
based floor screeds and traditional sand/cement floor screeds both in terms of thermal
performance and in various different floor make ups. If we obtain this data it will be passed
on directly.

e) Lower embodied energy - There are four main sources for the production of the raw
gypsum used in a CaS04 based floor screed. These are as follows

1) It can be manufactured synthetically.

2) Gypsum occurs naturally so it can be mined.

3) It can be produced from the flue discharge of gas-fired power stations.

4) It is a by-product from the manufacture of hydrofluoric acid.

All Lafarge Gyvlon’s UK material is currently from the final source. This has environmental
benefits as we are utilising a waste material that is a by-product from another process.
Therefore no further energy resources were used in its production — unlike the production of
cement.

f) Less harmful to operatives - The quicklime used in cement can be harmful both to
operatives and the environment. The use of gypsum-based products significantly reduces
any hazard.



APPENDIX 8

Water Furnace International Inc. the company and its products

As the company WaterFurnace International Inc. are a relatively recent entrant to the UK
market. Their products are distributed in the Eastern Region by Eastern Heat Pumps Ltd
through WaterFurnace (Europe) Plc. The short write-up below gives details of the companies
credentials and its product range.

Water Furnace International Inc (WFI)

Water Furnace International Inc (WFI) is based in Fort Wayne, Indiana, USA; and has been
distributing geothermal and ground source heating, cooling and hot water products for more
than 20 years and manufacturing geothermal products for almost 20 years. WFI has been a
leader of the geothermal industry for 15 years and now have products operating
successfully, in every climatic region of the world.

Their equipment is installed in Australia, Bahamas, Belarus, Bermuda, Brazil, Canada,
China, Czech Republic, UK, Eire, ltaly, Japan, Mexico, New Zealand, Philippines, Poland,
Puerto Rico, Romania, Saudi Arabia, Scotland, South Korea, Turkey, U. A. E. and the U.S.A.

The original product range is from 1.4 kW (% ton) to 88 kW (30 tons) in a diversified offering
of R-22 and R-410A refrigerant based units. WFI were the first manufacturer to implement
ECM variable speed blowers, scroll compressors and two-speed technology in domestic
geothermal products and have taken the lead in implement a complete product range in non-
ozone depleting R-410A refrigerant.

The new European products (EK and EKW) currently range from 6 kW to 22 kW in water to
air and water to water configurations. All meet or exceed requirements for the Montreal and
Kyoto Protocols and both product lines are more energy efficient than any other ground
source/geothermal product previously manufactured. The EK and EKW product lines will
eventually offer a full range of products from 2 kW to 145 kW in every possible configuration.

All units are ISO certified, ETL/UL certified, CSA certified and all R-410A 50 hertz products
are certified for the European CE mark. We run tests every unit manufactured in the Fort
Wayne, Indiana, USA facility under strict monitoring and tightly controlled operating
specifications applicable for each specific model of product.

WFI is currently expanding manufacturing capabilities to handle the ever increasing demand
of the worldwide ground source and geothermal market. WFI's new facilities in Ningbo,
China will allow product to be manufactured and then sold in China, thus reducing import
and shipping costs. All product manufactured in the Ningbo facilities will be available for
export to all 50 hertz product markets worldwide — this includes the UK.
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