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Executive Summary

The results and conclusions of the IEA common study of Advanced

Heat Pump systems are contained in this Volume I of the final

report. Volumes II and III which are restricted to the participa-

ting countries, contain respectively the Technology Survey and

Market Study results and conclusions. The Common Study was

carried out for thirteen participating countries: Austria, Bel-

gium, Canada, Denmark, Federal Republic of Germany, Italy, Japan,

Netherlands, Spain, Sweden, Switzerland, United Kingdom and United

States.

The objective of the Study was to collect and evaluate data on

advanced heat pumps, i.e. heat activated systems and other sys-

tems currently under development, to assess their market poten-

tial and to derive relevant proposals for desirable developments

and a future IEA R&D programme. Volume I describes the organisa-

tion of the Project and the links between the Technology Survey

and Market Study, the technical assessment of individual heat

pump types carried out under the Technology Survey and the market

estimates for each over the period 1980 to 2000. The conclusions

and R&D needs from both the technical and marketing standpoints

are included in this summary volume. Volume II of the study con-

tains a review of the state of the art of heat pumps and an

assessment of the available energy supplies and heat sources in

each country, a complete analysis of the technical characteris-

tics and R&D status of each advanced heat pump type particular-

ly in regard to the possible applications in space heating and

conditioning, district heating and in industry. The technical

R&D needs and recommendations for further IEA projects in this

field are also included in Volume II. Volume III contains a des-

cription of the technical approach to the market study, estima-

tions of the total market potential for each advanced heat pump

system, the market potential for individual heat pump systems in

the participating countries until the year 2000 and conclusions

and recommendations for further R&D based on the results of the
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market study.

The general conclusions of the study were as follows.

1) In the 13 participating countries there is a large and extreme-

ly diverse R&D programme covering most of the possible ad-

vanced heat pump systems. The present situation is that fol-

lowing the stimulus of the first energy (i.e. oil) crisis of

1973 is that heat pump technology is emerging from many years

of neglect.

2) The background situation in the participating countries is a

continuing high degree on oil, mainly light oil, for domestic

and commercial heating, particularly in Belgium, Canada, Den-

mark, Germany, Italy and Switzerland.

3) Electric heat pumps (for both heating and cooling) hold a

predominate position in the U.S.A. as replacement for boilers

and furnaces. In W. Germany a similar situation is developing

with bivalent-alternative heating only heat pumps.

4) The first priority in most countries is to substitute for oil

and a second priority is to conserve all energy forms. Pre-

sent electric heat pump types meet the first priority but

rarely contribute anything to energy conservation, unless

compared to direct electric heating. Advanced heat pump types

are capable of conserving between 30 % and 50 % prime energy,

and the best systems from this aspect are internal combustion

engine driven. However, from the point of view of oil substi-

tion the various gas fired systems are superior i.e. the

Brayton, Otto and Stirling engine driven, the Rankine-Rankine

and the sorption systems. The external combustion systems have

a total flexibility of fuel use and are therefore particular-

ly attractive, especially in large unit sizes.

5) Most advanced heat pumps are not due to commercialisation un-

til around 1985. Since they cannot be expected to make a sig-

nificant contribution rapidly, the possibility of achieving

worthwhile energy savings before 1990 appears low. Thus the
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accelerated development of the systems with greatest potential

for each application is desirable, even if in the short term

their use would not be justifiable solely on economic grounds.

6) The economic potential for all the advanced heat pump systems,

although significant, is limited by strong competition from

conventional systems, especially natural gas boilers and con-

ventional electric heat pumps. Strong competition among the

advanced heat pumps could limit the market for each of them

separately.

The overall conclusion of the study for R&D policy in parti-

cipating countries is relatively clear. To expand the market

share for advanced heat pumps as a group, R&D efforts should be

focused on advanced heat pumps most likely to generate market

potential by 2000, such as the absorption, Rankine-Rankine,

and Diesel-Rankine systems.

The Diesel-Rankine is particularly suited to large installa-

tions, while the absorption and Rankine-Rankine show greatest

potential for small heating only applications. The electric

heat pump will predominate for combined heating and air con-

ditioning applications.

7) From the Market Study it was not possible to estimate the to-

tal energy saving potential by the year 2000. However, it was

estimated by the Executive Committee from the data collected

in the study that the prime energy saving potential lies in

the region of 5 %, depending on the successful competition

of R&D and commercialisation of the systems.

8) The capital costs of the advanced systems in general are still

high compared with the conventional boiler or furnace costs.

The reduction of first cost, a major factor influencing

choice, should be a specific R&D priority. Good design and

mass-production should also greatly reduce costs.

9) The reliability, life-time, service and maintenance of ad-

vanced heat pumps will in most cases prove initially trouble-

some. Suitable service and maintenance facilities and guaran-
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tees during the acceptance phase are essential factors in their

acceptability. Pilot installations and close monitoring of

earlier installations will assist in the controlled and order-

ly growth of the market and the necessary infrastructure.

10) There exists a diversity of financial, fiscal and other in-

centives to the development and use of energy conserving tech-

nologies, including heat pumps, in the participating countries.

The effectiveness of these policies and possible alternatives

in promoting the objectives of substitution for oil and con-

serving energy need investigation.

11) There are no international heat pump standards. There is a pres-

sing need for uniform standards for performance and for de-

finitions of terms and symbols. A further requirement is a

code of practice for.advertising and promotion to prevent

the market for heat pumps being spoilt by misleading claims

or unscrupulous promoters.

12) There is still insufficient activity to develop heat pump sys-

tems for industrial applications where large energy savings

are possible through the use of this technology.
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1. General Introduction

The Common Study of Advanced Heat Pump Systems was initiated in

October 1978 by the Committee on Energy Research and Development

(CRD) of the International Energy Agency (IEA), Paris, as Annex 1

of an "Implementing Agreement for a Programme of Research and Deve-

lopment on Advanced Heat Pump Systems". The participating countries

(13) were Austria, Belgium, Canada, Denmark, Federal Republic of

Germany, Italy, Japan, Netherlands, Spain, Sweden, Switzerland,

United Kingdom and the United States of America.

1.1. Project Organisation

KFA JUlich, as representative of the Federal Republic of Germany,

was appointed to act as Operating Agent with Battelle-Institut e.V.

(BIeV) Frankfurt as its assistant. BIeV was thus responsible for

performing the study coordination, part of the state-of-the-art

survey and the general project management on behalf of KFA JUlich.

The role of the national teams (see Fig. 1-1) in the study is to

collect data on the state-of-the-art and on advanced heat pump sys-

tems, and later to assess the market potential for chosen systems

in their respective countries.

The market study part of the programme was assigned to the USA,

which nominated Resource Planning Associates Inc. (RPA) as its

assistant, responsible for the definition, organisation and coordi-

nation of the market study. The allocation of responsibilities is

shown in Figure 1-1.

1.2. Objectives of the Study

The objective of the study is to collect and collate data on ad-

vanced heat pumps obtained internationally, to produce an evalua-

tion of them, to assess which developments are desirable and there-

after to propose an international R+D programme. The study would
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Executive Comittee Supervisory Control

Operating Agent (O.A.) __ _Project Management

Germany (irA-Jillch)

Assistant: Battelle Frankfurt - ---- . Coordination and Evaluation of
Technology Survey. Interlinking
of Market Study

. Cost Control

. Counication

. Reporting

Market Study Agent (M.S.A.) _ --_ - . Coordination and Evaluation of
Market Study

USA (DOE) . Reporting on Market Study
Assistant: RPA

Rational Teams - . Rational Technology Survey and
Market Study

Austria . Preparation of Rational Survey
Belgium Reports
Canada . Review of Documentation

.enmark Distributed by Battelle and RPA

.Germany
· Italy

Japan
N etherlands
·Spain

Sweden
Switzerland
K.

.US

Fig. 1-1: Project organisation
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encompass a critical analysis of existing heat pump systems in

countries with major developments and also reveal whether experi-

ence gained with these and other technologies can be utilised for

advanced heat pumps.

The international study, in which the experience and developments

in many countries are collected and evaluated, is therefore inten-

ded to lead to

- better utilisation of existing experience,

- avoidance of unnecessary or undesirable developments,

- identification of trend setting developments,

- early identification of necessary research activities,

- establishment of internationally coordinated R+D programs.

1.3. Program of Work

Figure 1-2 gives the simplified project flowchart for the structu-

re and coordination of the technology survey and market study.

The project consisted of the initial phase of the identification

of the basic types of heat pumps and their classification, the mar-

ket analysis and the determination of the state of heat pump deve-

lopment in each country. Thereafter the basic types of heat pumps

of interest to the participating countries were identified and de-

tailed technical and cost profiles prepared on each system of in-

terest. This data was then used in the market study to estimate

the potential market in each country for the chosen systems to year

2000, comparing them to the conventional competing systems prevai-

ling in that country. Meanwhile the technical characteristics of

the systems and development trends were evaluated in order to pro-

duce a ranking of their strengts and weaknesses and thereafter to

propose an R+D program to augment their development. The results of

the market study i. e. the estimated market for each system based

on the technical and cost profiles produced earlier in the project,

was then used to give weighting to the proposed R+D programme so
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that development of the systems with the largest potential market,

would be accelerated.

I11o Inmestigtllln Into the Idintlflotton ol IBnking of Str ngths Oevlopment of
Technololgy sd Itntlotid Stt of - 1 Irmb -- W*eaknesses - .D Prograe
Survey: nlo$ t

1%. Idintltlcitlo Md Cofiron betin Identification of
arket Analysis »f Iarket Conventlionl Sptns Hirket (sttte - «.B teds
't' * S.I4m n bl" Ht PhI

Fig. 1-2 : Overall study description
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2. Linking of Technology Survey and Market Study

2.1. Background

In order to establish a link between the technology survey and the

market study it was necessary to provide technical and cost data

on heat pump systems which were considered by the participants to

have possible applications. Initially a list of interesting pro-

files was made which included such aspects as operating princip-

les (i.e. absorption, engine driven, etc.), thermal output, heat

source, distribution medium and fuel. The national teams identi-

fied which systems were under development or were of interest to

their country, and a questionnaire was prepared to obtain all the

necessary technical and cost data. The completed, or more often

semi-completed questionnaires (since most systems were in early

stages of development), were then used to produce the case stu-

dies. Where data was missing the system developers were visited to

obtain it, and as a last resort the data was estimated. The case

studies were then distributed to the national teams for use as in-

put data to the market study, while the questionnaires were used

as material to assist the technology study.

Table 2-1 is a list of the case studies and their major charac-

teristics. The majority of the case studies (8) were for systems

being developed for single family house heating, i.e. with thermal

outputs in the range 10-20 kW; these include two absorption systems,

two external combustion engine driven systems, and two internal

combustion engine driven systems, one electrically driven system,

and one solid absorption system. Of the remainder, four were very

large systems (2 2 MW) for district heating, three being absorp-

tion and one Diesel engine driven. A large group (five) was for

commercial building heating (and sometimes cooling) or multifamily

house heating; three systems from this group were external com-

bustion engine driven and two were internal combustion engine dri-
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Heat pum Heat pump cycle Drive Thermal
Heat?"£~ p --u--mp,,.11 - -Heat source output Case study?profile lo. type fluid(s) type fuel Heat source output Case study?

1 , absorption IH3/H20 direct oil, gas ground 3-4 no

2 absorption organic direct oil, gas amb. air 10-12 yes

3 absorption NH3/H20 steam boiler oil, gas waste water >2000 yes

4 Rankine R12 Diesel oil ab. air 15-20 yes

4a Rankine R22 Diesel oil soil 400 yes

5 Rankine R12 Diesel oil amb. air 400 yes

6 Rankine R114 Diesel oil sewage > 2000 yes

7 Rankine R12; R22 Otto gas amb. air 10-400 yes

8 Rankine R12; R22 Otto gas , -air/ground/ 400 yes
surface water

9 Rankine R22 Stirling oil, gas air/ground 10-12 yes
surface water

10 absorption H20/la5S solar solar 15-20 yes

11 absorption H20/LiBr solar'gas room air 3-4 no

12 Rankine freon Rankine solar room air 3-4 no

13 Rankine R22 motor electricity ground 10-12 yes

14 absorption NH3/H20 direct gas amb. air 10-12 yes

15 Rankine various Rankine oil, gas amb. air 10-400 yes

16 Rankine R12 Brayton oil, gas amb. air 50 yes

17 Rankine steam/R11 Rankine oil, gas amb. air 400 yes

18 Rankine various Rankine oil, gas sea water 400 yes

19 absorption H20/LiBr direct kerosene waste water > 2000 yes

20 abs./Ran. H 0/LiBr// motor electricity waste water >2000 yes

Table 2-1: Case Studies

Table 2-1: Case Studies
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ven. The three systems not yet accounted for were very small

(3-4 kW thermal output), and since none of the participants showed

any interest in these or were able to produce case study material

for them, they were dropped from the market study at an early stage,

which meant that no case studies were produced.

For those systems for which insufficient data were available to pro-

duce complete case studies, but which were of interest to the par-

ticipants, the necessary data were estimated by Battelle. In seve-

ral cases revised data were then obtained by the national teams

from the developers. When these were received intime they were used,

but in some cases this was not possible and the Battelle data had

to be used. In one case the developer did not agree with the Bat-

telle data, since they considered them too pessimistic. However,

since the developer in question was unwilling to provide its own

estimates, the Battelle estimates had to be used.

2.2. Case Study Format

The format chosen for the case studies was one that would provide

all the necessary information on each in such a way that the opera-

ting principles and performance could be easily understood, and the

data on cost and performance readily utilised by each national team.

The case studies therefore consisted of a data sheet giving a short

description of the system's main characteristics, i.e. type, fuel,

application, source and sink (i.e. distribution medium) type and

temperatures, the performance at the design point (usually 0°C)

and +10 C and -100 C ambient air temperature, the type and operation

of the back-up, the year of introduction and the unit cost, instal-

led cost and finally estimated maintanance cost expressed as a per-

centage of installed cost. Attached to each data sheet are a line

diagram summarising the main characteristics of the system and an

energy flow diagram for the design point and performance graphs.

These graphs are of the coefficient of performance (COPeff and

COPff) and the dimensionless thermal output (i.e. a given thermal
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output divided by the design output = Nht/Nd) against ambient air

temperature. The normalisation was performed in order to compare

systems of different thermal outputs.



3. Technology Survey

3.1. Introduction

The objective of the technology survey was to identify advanced

heat pump systems and, by consideration of their strengths and

weaknesses, to indicate which systems would be best suited to each

possible application and what further research and development was

necessary to lead to their commercial success. The assessment of

strengths and weaknesses therefore utilised the information gather-

ed for the case studies and for the R+D trends, in addition to dis-

cussions with experts. The analysis of this information was carried

out under four critical aspects: the projected performance (under

design conditions and in the proposed applications), the design

(with regard to size, weight, complexity, requirements for back-up,

controls, etc.), operational aspects (reliability, service and

maintenance requirements, service life, noise, vibration, pollution,

etc.), and finally initial cost. The latter point lay more in the

area of the market study, but to ignore relative capital cost, and

the possibilities of reducing it, in the technology survey would

have been unrealistic.

A general assessment of strengths and weaknesses was therefore

first made on the basis of these four criteria, this being follow-

ed by an assessment of each system for four major areas of appli-

cation. These are single-family house heating (and to a lesser ex-

tent cooling), i.e. thermal outputs of 10 - 20 kW; multi-family

house heating and cooling, i.e. thermal outputs in the range 100

to 400 kW; district heating with thermal outputs in the MW range;

and finally industrial applications covering a wide temperature and

size range.
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3.2. Performance

3.2.1. Definitions of Terms and Performance Criteria

The major performance criteria for each system are the Coefficient

of Performance (COP) and Seasonal Performance Factor (SPF). There

are many possible definitions of these, depending on what the sys-

tem boundaries are considered to be. Thus there is the performance

of the heat pump subsystem, that including the drive subsystem,

and that of the system including the electricity and fuel produ-

cing subsystems. The latter definitions are at present only signifi-

cant when the energy conservation potential is assessed for electri-

cally driven systems or those with a substantial auxiliary elec-

tric power requirement on countries with thermally generated elec-

tricity. However, future conditions with synthetic natural gas

(SNG) as a possible competitor to coal or nuclear based electricity

makes the definition of the system including energy production more

relevant.

No internationally agreed definitions of COP and SPF exist and

there are only two national standards which are relevant /25, 26/.

Since these do not agree, simplified definitions of COP and SPF

have been used, which are based on definitions suggested by Profes-

sor Gilli, a member of the Austrian National Team.

The following definitions of the Coefficient of Performance (COP)

and Seasonal Performance Factor (SPF) were used.

For the heat pump subsystem only:

N
COPg = g/N m

where

N is the rate of heat output from the condenser (kW)&
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N is the electrical or mechanical power or rate of heat input to

the heat pump, including auxiliaries (kW).

For the heat pump system, including drive subsystem:

Nht
COP ,ff ht/N

SPFff = ht/Qeff /p

where

Nht is the total rate of heat output (kW)

Qht is the total neat output per season (kJ)

N is the sum of
P

Nhp, the power or heating rate to the heat pump and

Naux, Lhe power input to the auxiliaries (kW)

Q is the total energy input per season to drive subsystem and

auxiliaries (kJ).

For the heat pump system, including electricity generating effi-

ciency:

Nht
COPeff /Np,

Qht
SPF'ef = /Qp,

where

ND, = Nht + (Naux/7el)

p' = Qht + (Qaux/eel)

7 is the efficiency of production of electricity.7el
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3.2.2. Design Point Performance

The only true assessment of performance is that in use i.e. the

performance obtained over a working season or year, often referred

to as the "seasonal performance factor" (SPF). However, for sys-

tems which have not yet been operated over a complete heating sea-

son, or worse not yet had their performance measured at the de-

sign point, it is necessary to estimate the SPF from measured or

predicted design point data with estimation of the off-design

point performance, making allowances for such factors such as

auxiliary power consumption for pumps, fans, etc. and for defros-

ting if necessary. Thus, in order to assess performance it was ne-

cessary to estimate the SPF for each application by determining

the design point COPg, and heating capacity and the off-design

point COPg and Nht. The latter take account of the sensitivity

to source temperature variations, the power required for auxilia-

ries (Naux), and the likely defrosting lossest The most important

factor determining the SPFef f is the COPeff. For electrically dri-

ven systems this is simply the ratio of the thermal output from

the condenser to the electrical power input to the compressor,

while for sorption systems it is the sum of the heat outputs from

the condenser, absorber and possibly desorber divided by the sum

of the thermal inputs to the generator and the electrical power to

the solvent pump and auxiliaries (and sometimes also the compres-

sor). For engine driven systems, (either internal or external com-

bustion) the thermal output is the sum of that of the condenser

and the heat recovered from the engine. The COPeff is the total

thermal output divided by the thermal input to the engine. This can

be expressed as

COPeff = COPg n + f (1- m)

where COP is for the heat pump sub-system alone, i.e. the conden-

ser heat output divided by the shaft power, 7m is the efficiency

+ cycling losses not included
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of the drive, i.e. shaft power divided by thermal input, and f is

the fraction of engine waste heat recovered. Fig. 3-1 is a graph

of COPeff against nm for various values of COPg and f with the

ranges of qm for various drives identified. From Fig. 3-1 the

following conclusions can be drawn:

a) The same COP ff can be achieved by different combinations ofim

COPg and f. For example a COPeff of 1.4 can be obtained with

-n 0.2, COPg = 3 and f = 1.0 (a Rankine-Rankine system) or

with 7m = 0.33, COPg = 3 and f = 0.6 (Otto-Rankine system).

b) The COPeff of a system with high 7m is much more sensitive to
variations in the heat pump sub-systems performance, i.e. COPg,

than one with a low em.

c) Even under the worst possible operating conditions (i.e. with

low source temperatures and COP 2.0) all engine driven sys-

tems have a COP ff> 0.9, so they are always more efficient

than boilers.

d) The most efficient system is the large Diesel-Rankine system

withm = 0.4, COP = 4 (high source temperature e.g. waste heat)

and f = 0.8. This system can achieve a COPeff of about 2.1.

Table 3-1 shows the average COP for different systems with 0 °C
eff

evaporating temperature (or heat pump sub-system minimum tempera-

ture for the resorption and Ericsson-Ericsson systems) and 60°C

condensing temperature (heat pump sub-system maximum temperature).

The systems are ranked in Table 3-1 in order of COPeff .

Also included for the sake of completeness is the electric-

Rankine system driven both by hydroelectricity (Bela 0.9) and

thermally generated electricity (?lO-0.3). Three of the systems with

the highest COPeff, i.e. those with COPeff 2, are also unproven

systems for which the figures are solely based on theoretical pre-

dictions (both resorption types and the Ericsson-Ericsson). Of

the remaining systems those with COPeff over 1.5 are the hydro-
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I
0

0.5

gm -a & 'a

O f0.6 / 0.8/ 1.0 '0.6k/ 0.8/10

0 3 I, /

/0.2 ---- COPg 3

0., / '/ . .. ~ '

0.6 0.8 1.0 1.2 1.4 1.6 18 2.0 2.2

COPeff

Fig. 3-1: COPf of engine driven systems as function of drive efficiency
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power driven electric heat pump (which is of limited interest) and

most of the engine driven systems. Of the engine driven systems

only the Rankine-Rankine (single fluid) and Brayton-Rankine lie

below this figure, simply because of their low drive efficiency

m < 0.27.

Drder System COPef

1 resorption-electric drive (hydropower) 4

2 electric-Rankine (hydropower) 2.7

3 Ericsson-Ericsson 2

4 resorption (thermal drive) 2

5 Diesel-Rankine 1.7-2.0

6 Otto-Rankine 1.4-.6

Rankine-Rankine (dual fluids)

7 two-stage absorption 1.3-1.5

8 Rankine-Rankine (single fluid) 1.2-1.4
single-stage absorption

9 Brayton-Rankine 1.2-1.3

10 resorption-electric drive (thermal power 1.2

generation)

11 electric-Rankine (thermal power generation) 0.9

12 heat transformer 0.5

Table 3-1: Ranking of systems by COPef f at design point
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The absorption systems also have COP eff 1.5 while the electric-

Rankine system with thermally generated electricity has COPeff 0.9.

Lowest of all is the heat transformer with a COPeff 0.5.

3.2.3. Below Design Point Performance

The variation of COPeff (Fig. 3-2 ) and capacity (Fig. 3-3 ) with

source temperature (usually outside temperature or loosely related

to the latter if either horizontal ground sourceor surface water

are used as source) is primarily a function of the heat extracted

from the environment by the evaporator and secondly of the part-

load efficiency of the drive. Table 3-2 shows the size of evapo-

rator for each system relative to that of an air source electric

heat pump - the only one for which sufficient experimental data on

part-load and frosting performance exists. This figure expresses

not only the relative size of the evaporator but also the propor-

tion of the total heat output which is gained from the environment

- the larger the gain from the environment the higher the COPeff.

It also expresses the sensitivity to changes in source temperature,

since if no heat, Nenv, is gained from the environment the COPeff

is the same as or worse than that of a boiler. This condition

occurs when the mass flow of refrigerant (i ) though the evapora-

tor decreases to a negligable value, which depends on the refri-

gerant used:

NenvcC r CC

where v, is the specific volume of the refrigerant at the compres-

sor inlet. For reciprocating compressors, R22 or R12 is used, and

between 0°C and -10°C the mass flow ir decreases for both fluidsr
by a factor of 0.72. For R114 or R11 (used in rotary compressors)

mr decreases over the same range by 0.67. Thus the systems using

R114 or Rll (e.g. Rankine-Rankine systems) would be more sensitive

to a decrease in source temperature than is inferred from Table 3-2.

The same is true of the single-stage absorption and ejector heat

pumps. In the former the vapour pressure over the absorber reaches
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Order System Relative+ Estimated++
evaporator losses due to
size defrosting (%)

1 two stage absorption 0.35 1-2

2 Rankine-Rankine 0.47 1.3-2.1

3 single-stage absorption 0.45 1.4-2.3

4 ejector heat pump 0.50 1.5-2.5

5 Otto-Rankine 0.61 1.8-3.1

Stirling- Rankine 0.61 1.8-3.1

6 Brayton-Rankine 0.67 2.0-3.4

7 Diesel-Rankine 0.71 2.1-3.6

8 Ericsson-Ericsson 0.67 2-3.4

9 electric-Rankine 1.0 3-5

10 heat transformer 1.14 3.5-5.7

11 resorption-electric drive 1.35 4.1-6.8

+ Relative to electric-Rankine system

++ Estimated from defrosting losses for electric-Rankine /70/

and relative evaporator size

Table 3-2 : Ranking of systems by relative evaporator size and

sensitivity to frosting
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a point at which absorption becomes ineffective /49/, while for

the latter the ejector pump effectiveness is a strong function of

the suction vapour pressure.

Another aspect influencing below design point performance for some

systems (Rankine-Rankine, absorption and ejector) is the matching

of the drive subsystem and the heat pump subsystem. As already

indicated the absorption system performance also depends on the

absorber performance, while for the Rankine-Rankine the machinery

(turbine and compressor) are likely to be mismatched off the de-

sign point. Just how mismatched cannot be quantified; although it

is probably worse for single fluid systems than for two fluid sys-

tems. The capacity of the Rankine-Rankine, absorption and ejector

systems below the point at which their efficiency is less than

that of a boiler (or their capacity is lower than the demand) can

be supplemented by operating them as a direct heating system.

In the absorption system, for example, the generator/absorber loop

can be used simply as a heat transfer system with the refrigerant

loop isolated. Similarily the Rankine-Rankine system can operate

with its feed heater being used for direct heat exchange, or a

second heater or boiler can be operated in parallel with it. The

most important aspects of the internal boiler operation of such

systems is that this has to be designed for maximum demand and

that the system is more efficient when the heat pump and internal

back-up act in parallel rather than alternatively.

However Table 3-2 , to a first approximation, reflects the sensi-

tivity of .ystems to variations in source temperature. Thus the

systems with . middle range COPeff (such as the Rankine-Rankine,

and absorption systems) are less sensitive to fluctuations in

source temperature than those with higher COPeff at the design

point, such as Diesel-Rankine. This is also true for the effect of

frosting on air source systems - the smaller the contribution of

the evaporator to the total heat output of the system, the lower

the sensitivity to frosting losses (or fouling losses in ground

water source systems). Thus the systems at the top of Table 3-2
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have the advantages of

1) small evaporator, hence lower contribution to capital cost,

particularly for ground source systems

2) lower sensitivity to source temperature fluctuations

3) less defrosting and fouling losses.

The effect of these three advantages is that the SPFeff of these

systems is better than would be expected if all systems had pro-

portionally equal losses.

3.2.4. Auxiliaries

Another parameter that influences SPFeff is the proportion of the

energy input needed for the auxiliaries such as fans and pumps.

For air source systems the evaporator fan power is significant,

and this too, is in direct proportion to the evaporator size.

Thus the.absorption and Rankine-Rankine systems benefit from low

fan power. However, both systems require significant pump power.

The Rankine-Rankine requires a feed pump to operate over a high

pressure ratio (5) and the absorption systems require solvent

pumps, acting over high pressure ratio. This is exacerbated by the

very low efficiency (50 %) of such pumps (i.e. solvent and feed

pumps) for small mass flows and high pressure ratios.

However, assuming that pumps of high efficiency can be successfully

developed, the below design point performance of the Rankine-Ran-

kine and absorption systems look inherently better than in the

case of the other systems.



3-13

3.2.5. Above Design Point Performance

Above design point operation of any system (see Fig. 3-3 ) corres-

ponds to an excess of heat pump capacity over the demand. In simple

systems, such as first generation electric heat pumps, the output

is controlled by on/off switching with a small buffer store or

time delay arrangement to avoid excessive starts. The range of

controllability and the part-load efficiency of the systems are

very important because if the control range is small or the part-

load efficiency is low then the system performance above the de-

sign point will be poor. Therefore the best systems are those

with a wide control range and good part-load efficiency above the

design point. However, the minimum demand of a system is usually

a very small fraction of that at the design point and none of the

heat pump systems can be controlled (other than by switching) at

very low capacities.

The parameters which effect the range of controlled output are:

1) Sensitivity of heat pump sub-system output to source tempera-

ture,

2) range of speed variation of the drive sub-system,

3) range of capacity control of the heat pump sub-system.

The sensitivity of heat pump output to source temperature has al-

ready been discussed with respect to below design point operation.

Above design point the evaporator extracts increasingly more heat

as the source temperature increases, which is in contrast to the

decrease in demand. By reducing the capacity of the heat pump sub-

system the mass flow and hence the system capacity can be reduced.

For example, in compression system this can be achieved in steps,

by reducing the number of cylinders in use in reciprocating com-

pressors, or continuously, by reducing the volumetric ratio of

screw compressors or by inlet vane control in centrifugal compres-

sors. All these methods have been developed for large compressors
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(>30 kW power input) and there is little reduction (C5 %) in system

efficiency by these methods. For small compressors capacity control

is expensive and the part load operation is usually less efficient

than full load operation. Capacity control by speed control of

the drive is also possible and can be achieved in a number of ways.

For electric motor systems, changing the number of poles can be

used to give step changes in speed, or regulation of the supply

by thyristors can give continuous speed control over a similar

range (2:1). Internal combustion engines can be controlled over a

range of about 2:1 to 3:1, with a reduction in drive efficiency

on part load by about 5 %. The external combustion engine systems

can also be speed controlled over a range of about 2:1, but as

yet it is unknown what the part load efficiency is likely to be.

Table 3-3 ranks the systems by controllability and it is clear

that the large engine driven systems are much more flexible than

the other systems. Referring to Fig. 3-3 , which applies to small

systems only, none of the systems can be controlled below about

50 % of the design capacity. At this point the output capacity

begins to increase slightly due to the increasing evaporator ca-

pacity, and so below this point on/off operation becomes necessary.

For most small systems it is still necessary to control by on/off

switching - a method which results in reduced system life (see

Sections 3.3. and 3.4.).

So far only air-source systems have been considered. Of the other

sources only earth and ground water can be considered practical

for small systems, while waste heat, surface water, sea water,

geothermal, etc. are only applicable to larger systems. Ground wa-

ter and ground sources are much less subject to temperature varia-

tions than air and do not have its frosting problems. The ground can

be used as heat source with either horizontal or vertical coils. The

former require a large surface area and follow the air temperature

fluctuation to some extent but with heavy damping and reduced

amplitude. They can also adverse environmental effects by

shortening the growing season and are costly to instal.
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Order System Control Control Characteristics
range

large Diesel-Rankine drive speed + 4:1 to continuous/

large Otto-Rankine compressor unloading 9:1 step

2 large electric-Rankine drive speed * 2:1 to step or

compressor unloading 4:1 continuous

small Oiesel-Rankine 2:1 to

small Otto-Rankine drive speed 1 continuoussmall Otto-Rankine 3:1

absorption solvent pump 2:1 to continuous

3 regulation of gene- 3:1

rator temperature

Brayton-Rankine drive speed and 2:1 to continuous

on-off 3:1 and step

Stirling-Rankine speed 2:1 continuous

4 small electric-Rankine drive speed 2:1 step

Rankine-Rankine speed 2:1 continuous

Table 3-3: Ranking of systems by controllability
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The vertical coils are much more compact, are insensitive

to fluctuations in the ambient air temperature, have little en-

vironmental impact, but are also relatively expensive to instal.

In both cases the cost of the heat source equipment approximately

equals that of the heat pump unit. The greatest technical disad-

vantage of ground sources is that an intermediate heat transfer

fluid has to be used, and this entails a reduction in evaporating

temperature. Thus the SPFef f of such systems is little better

than that of air source equipment. However, the heating capacity

of the heat pump does not decrease during colder spells to the

same extent as air source equipment, giving a better match to the

heat demand curve. A further disadvantage of vertical systems is

the knowledge of local geology that is necessary before the

sizing and costing of an installation can be made.

Ground water systems are similar to vertical ground source systems

in their characteristics in so far as there is little fluctuation

of source temperature throughout the year relative to air. Most

ground water systems require two bore holes, for feed and return

water, since water authorities in most countries do not permit

wastage of this resource. In addition the water authorities in

some countries are concerned that leaks of refrigerant could pol-

lute the ground water and may insist on the use of an intermediate

fluid. Fouling of heat exchangers can be a severe problem es-

pecially where there is a high iron content in the water.

3.2.6. Seasonal Performance and Energy Saving

The true heating SPFeff can only be estimated for each application

and climatic region (this was a major task of the market study).

It is therefore not possible to assess the systems solely on the

variation of COPeff and Nht with source temperature. In Section

3.5. the systems shown in Fig. 3-2 and 3-3 are compared for a

particular application and climate to assess their SPFef f undere ff
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these circumstances.

The energy savingcapability of the systems must in the end be

assessed by comparing a complete heating season performance, i.e.

SPFeff, against that of a conventional system. As an example

Fig. 3-4 shows the percentage potential energy saving of

heat pumps as a function of the COPef f and the conventional boiler

efficiency Zb' for which the full load value of a new boiler should

be used. For a more valid comparison, SPFeff and an annual value of

'b should be used.

From Fig. 3-4 some general points can be made:

1) All systems with COPeff over 1.0 save energy.

2) 30 % energy saving can be achieved with a COPeff of 1.2, of

which most of the advanced systems are capable.

3) 50 % energy saving requires a COPeff of about 1.7. Of the sys-

tems at advanced stages of development only the large Diesel-

Rankine system is capable of achieving this figure.

3.2.7. Cooling Performance

The cooling performance of advanced heat pumps is of interest to

countries such as the USA, Japan, Spain and Italy, where summer

cooling and air conditioning are often required. Table 3-4 com-

pares the cooling coefficient of performance and capacity of the

various systems for 35 C ambient air temperature. Also given is

the US Standard, /26/, which lays down minimum requirements for

cooling coefficient of performance. Neither of the coefficients of

performance include auxiliaries. The cooling capacity at 35°C am-

bient air temperature and 20°C indoor temperature is normalised by

dividing by the heating capacity, Nh, at OOC ambient and 20°C in-

door temperature. In terms of cooling COP the electric system with

hydro-electricity is best, but if it is ignored because of its lack

of general applicability the best system is the Brayton-Rankine,

followed by the Stirling-Rankine system. In fact most of the fossil



70

O.f
60

40

30 - co

COPeff

Fig. 3-: Energy saving potential of heat pump systems



3-19

Order cpff COff Relative3

predicted U.S.Standard cooling
capacity

1 electric-Rankine 2 2.0-2.2 1.3

(hydroelectrc) (1.8-2.0)

2 Brayton-Rankine 1.1 0.48 1.2

3 Stirling-Rankine 0.88 0.48 0.7

4 electric-Rankine 2.5-2.7 2.0-2.2 1.3

(thermally gen. elect.) (0.8-0.9) (0.67-0.73)

5 large Diesel-Rankine 0.8 0.48 0.5

6 large Otto-Rankine 0.67 0.48 0.56 0.67 0.48 0.5
small Diesel-Rankine

7 small Otto-Rankine 0.6 0.48 0.5

8 single-stage-absorption 0.5-0.6 0.48 0.4

9 Rankine-Rankine 0.4-0.5 0.48 0.4

(single fluid)

1) COP f does not include auxiliaries
eff

2) ASHRAE STANDARD 90-75 /26/, not including auxiliaries,

primary energy-related value in parenthesis

3) Relative to design heating capacity Nd (kW)

Table 3-4: Cooling performance of heat pumps
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fuel-fired systems easily exceed the performance required by the

ASHRAE Standard /26/. However, the electric-Rankine system with

thermally generated power has a prime energy-related coefficient of

performance in the range 0.8 to 0.9, which is superior to all but

the Brayton-Rankine and Stirling-Rankine systems. With respect to

cooling capacity the electric-Rankine, Brayton-Rankine and Stirling-

Rankine have the highest cooling capacities relative to their heat-

ing capacity. Thus if a system is sized for a cooling load larger

than the heating load, e.g. in the Southern US , then the electric-

Rankine and Brayton-Rankine systems are superior. If sized for

more severe winter conditions and a smaller summer cooling load,

e.g. North East US, then the Stirling-Rankine is the best. Thus for

combined heating and cooling applications there would appear to

be no justification for the development of fossil fuelled systems

other than the Brayton-Rankine and Stirling-Rankine systems, since

most of them are at best equal or inferior to the well-established

electric-Rankine system.
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3.3. Design

The most important aspects of heat pump design are those relative

to performance controllability, reliability and cost, which are

discussed in Sections 3.2., 3.4. and 3.5. However, there are a num-

ber of other important aspects, which relate to the installation

and use of systems and which can be significant factors in their

acceptability. These include the size and weight of the system,

the necessity of a back-up, the method of control, the safety and

the flexibility with respect to different source and sink types

and other characteristics.

3.3.1. Size and Weight

The unit size and weight are only significant for the smaller sys-

tems, especially for single room (3-4 kW) or single family house

heating (10-20 kW) and cooling. The most important criterion is

that the system including its back-up should not require more spa-

ce than the conventional alternative, or at worst require only a

little more space. For new installations the latter is more valid,

but in the case of retrofit applications - which is probably the

largest potential market - the available space could be severely

limited. Clearly all those systems which require an additional

back-up are at a disadvantage, even though in the retrofit case the

existing boiler would be used as back-up. The actual size and weight

of each heat pump systems depends on its application. In Section

3.5.1. the systems are discussed for single family house heating,

with air as source and water as sink - the most likely combination

in Western Europe.

3.3.2. Energy Demand

The major impetus towards the use of heat pumps is energy conser-

vation, the secondary objective usually being to substitute fuel,

i.e. replace imported by home produced fuel. The higher the COPeff

and SPFef f of a system the greater the energy saving (see Fig.
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3-J4 ), but this is no guide to the degree of fuel substitution.

In addition the issue is complicated by the use of mixed fuel sys-

tems such as electric heat pump with an oil-fired back-up, for

which the value of the energy saving and degree of fuel substitu-

tion is contentious. A further aspect is the strain the systems

would place on the energy supply system. This is a well known prob-

lem with the electric heat pumps which the electricity utilities

promote, but only when bivalent (and preferably bivalent - alter-

native) so that the peak demand on the electricity network is not

further increased. Indeed some gas utilities in Germany now dis-

courage the use of gas-fired back-ups for electric heat pumps

/69/ because the peak demand is transferred to the gas system.

Therefore the possible impact of advanced heat pumps in this res-

pect should also be considered.

Table 3-5 ranks small systems by the ratio of peak demand (fuel or elec-

tricity) to mean demand, i.e. the demand at +3°C ambient air tem-

perature. For each system the type of back-up is specified and the

mode of operation (monovalent or bivalent, parallel or alternative)

and the ambient temperatures at which the heat pump is cut out

and at which the back-up is cut in. Also shown is the sizing of

the back-up and the heat pump as percentage of the heat demand at

-15°C ambient temperature. Included in Table 3-5 is the simple

gas boiler, here assumed to have 75 % efficiency at full load

(-15°C) and 65 % at 45 % load (+3°C). On this basis the peak demand

is approximately double the mean demand for a gas boiler.

Also included is the oil-fired Diesel-Rankine system, for which

the relative peak demand is unimportant since the oil storage

overcomes this problem. For two of the electric systems (those

that use an oil- or gas-fired back-up) relative peak demand figures

are given both uncorrected and corrected to prime energy. Comparing

the four electric systems listed it is clear that the electric back-

up is most unsatisfactory as it has a very high peak demand while

the monovalent system requires a heat pump at least double the

size of the others and as in primary energy related terms there is



Order Operation Heat pump Back-up Cut out/in temp (0°C) % full capacity Ratio Advantages Disadvantages

drive heat pump heat back-up heat back- peak/
pump pump up at mean

at +3°C -15C power
demand

1 monovalent Brayton Rankine - -15 - 45 - 1.5 simplicity,
compactness,
low peak
demand

2 monovalent - gas boiler -15 +18 - 100 1.5 simplicity, high mean demand
compactness,
low peak
demand r

3 bivalent- electric Rankine boiler/fur- -15 +3 45 70 4.9 flexibility large size, requires oil

parallel nace (oil) __ _ (2.1) boiler to meet peak demand

4 bivalent- electric Rankine boiler/fur- +3 *3 45 100 7.4+ flexibility, large size, requires oil-

alternative nace (oil) (2.2) best electri- boiler to meet peak demand
city tariff

5 monovalent electric Rankine none -15 - 100 - 2.8 simplicity large size, high capital
cost, system grossly overs
sized for average conditions
poor controllability

6 bivalent- Otto Rankine boiler(gas) -15 +3 45 60 3.3 flexibility large peak gas demand,

parallel __________ ______________ ____large size

7 bivalent- Stirling Rankine furnace -15 +0 55 35 3.4 simplicity, large peak gas demand

parallel (gas) (at o0 ) compactness,
internal _ _flexibility

continued overleaf

Table 3-5: Ranking of small systems by peak demand



bivalent- absorption (single boiler(gas) -2 -2 60
alternative stage) internal (at -20C) 100 3.6 simplicity large peak gas demand

flexibility,
8 compactness

bivalent- Rankine Rankine boiler(gas) -5 0 55 100 3.6 simplicity, large peak gas demand
parallel (at O C) flexibility,

___ _______ ________ ^^ ________ ____ __ _ compactness

9 bivalent- Oiesel Rankine boiler(oil) -15 +3 45 70 3.8 flexibility large size
parallel

10 bivalent- electric Rankine electric -15 +3 45 70 4.7 simplicity, high running cost, large
parallel compactness electric peak demand, no

energy saving against
_______________ ______boiler =

Table 3-5: Ranking of small systems by peak demand
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little difference between the bivalent-parallel and bivalent-alter-

native systems. The significant difference is that for the bivalent-

alternative the peak demand on the gas system is greater.

Considering only the gas-driven advanced systems, the Brayton-

Rankine is clearly superior to the others (from this aspect). This

results from its high degree of controllability and sizing for the

maximum heating load. All the remaining systems have peak demands

between 3 and 4 times the mean demand; giving a ratio which is

double that of the simple boiler. This means that from the point

of view of the gas utilities the same size of network has to be

installed for a gas-fired heat pump as for a simple gas boiler with

less gas sold per installation. Thus the widespread use of gas-

fired heat pumps is likely to produce the same problems for the

gas utilities as electric heat pumps produce for either them or

the electricity utilities.

3.3.3. Safety

Another design aspect is safety, comprising the risks from fire,

explosion and toxicity. Table 3-6 lists some of the risks and in-

dicates which heat pumps could produce them. The major problems

would appear to arise from those safety risks resulting from the

introduction of these systems into domestic premises. These are

mainly risks associated with the release of working fluids, their

pyrolysis or combustion or interaction with air or water. Thus

ammonia systems, those bringing high temperatures into proximity

with organic working fluids (absorption, Rankine-Rankine), and those

which could introduce toxic or possibly carcinogenic substances in-

to domestic water show greatest risks.

Safety standards are quite strict for ammonia systems; for residen-

tial locations they require a charge of no greater than 2.5 kg

/129, 130/ or prohibit their use completely (Japan). Additional

restrictions prohibit their use for air conditioning, for human com-

fort and close location to electrical switchgear /129/.



Risk Possible Causes Systems likely to produce risks Possible remedies

Fire leak of inflammable substances organic absorption (E181) intermediate heat transfer fluid (expensive)

all gas- or oil-fired systems normal risk - standard safety procedures
leak of fuel

Stirling engine ( 2) use HE instead of H2 as work fluid (expensive)

Explosion leak of fuel all gas- or oil-fired systems normal risk - standard safety procedures

leak of explosive substances N.l/H 0 absorption yt system enclosure vented to atmosphere in event of leak,
or double-skin system

Toxicity leak of toxic substances NIl/HO absorption sstssystem enclosure vented to atmosphere in event of leak,
.Y'~ 2 or double-skin system

production of toxic substances all systems with internal or combustor air must be external-exhaust or flue must be
in combustor of drive external combustion and use ducted beyond risk zone

of R12, R22, R114 etc.

Other physical injury by machinery all mechanical systems with sealed systems or interlocked enclosures
open shafts

production of corrosive substances all combustion systems better construction materials

Table 3-6 : Safety problems with advanced heat pumps
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For Group 1 refrigerants (R12, 22, 114 etc.) the charge size is

limited by the maximum permissable concentration of vapour in the

smallest humanly occupied space /129/.

The remedies suggested are that -

(1) all combustion systems should breath external air only,

(2) the exhaust outlet should be remote from the inlet and from

locations where it can be inhaled,

(3) domestic hot water (for baths, showers etc.) should not be

directly heated by the working fluid,

(4) system working fluid charges should be as small as possible,

(5) double-skin heat exchangers or intermediate heat transfer

fluids should be employed wherever possible (feed heaters,

generators etc.)
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3.4. Operation

The operational aspect of advanced heat pump systems is one of the

most difficult to assess as many of the systems have not yet been

in operation or have operated only as prototypes. The most impor-

tant factors in the operation of such systems are their control-

lability, reliability, servicing needs, life, and environmental

effects. All these have to be considered from several different

points of view, such as that of the user, the supplier, the in-

staller and service contractor, the fuel supplier, the local

authority and society in general.

3.4.1. Control

Controllability has been already discussed at length in Section

3.2. The aspects of controllability relevant to the operation of

the heat pump are the complexity of auxiliary equipment required

and the effect which the method and type of controls have on sys-

tem life and reliability. In these respects the simple on/off

control system is most unsatisfactory, inducing accelerated wear

in mechanical systems and giving increased thermal losses and

slow system response (e.g. in the absorption systems). More com-

plex control methods could entail greater capital cost and possib-

le system failures due to control system unreliability or lack of

adjustment. The avoidance of on/off operation should however be

a design objective for all systems, although it cannot be avoided

at minimum system loadings, e.g. in spring and autumn months.

3.4.2. Reliability

Table 3-7 shows the possible failure modes for advanced heat

pumps caused by on/off control. It is generally recommended that

some of the techniques which have been employed for electric-Ran-

kine systems (items 1-6) should be used for the heat pump sub-sys-

tem, while the engine systems should employ additional protective

measures for the motor itself (e.g. item 3).



on/off operation

drive heat pump

effects l boundary l vibration t il lqud flu
migration lubrication stress ' stress mi on migration slugging over-

during cycling cycling _ _ _ _ heating
non-equilibrium

failure excessive excessive corrosion, fatigue, shaft excessive mechanical corrosion,
modes D bearing general fatigue, leakage seal bearing damage leakage

wear I ar leakage leakage wear

possible 1, 2, , 2, 3 2, 1, 2, 1, 2, 1, 2, 5, 6 7

remedies l> I, 4 5, 4, 3, 44 5

Diesel-Rankine Rankine-Rankine (turbine) 1, 2, 3, 4, 5, 6, 7.
systems D. Otto-Rankine 1,2,3, , 6. sorption 1, 2, 4, 7.

Stirling-Rankine
Rankine-Rankine (free piston)

1. minimum run time interlock 5. use capillary expansion device and suction accumulator
2. buffer heat store 6. use pump-down with thermostatic expansion valve
3. thermostatic oil heating during off period 7. operate feed pump before start-up
4. compressor unload during start up

Table 3-7 : Failure modes caused by on/off control
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Reliability is also determined by effects other than the controls.

These include fouling of the heat exchangers, loss of adjustment

of settings, loss of charge due to corrosion or fatigue in normal

running, air or water in the refrigerant system, etc. For the sys-

tems employing the conventional reciprocating rotary or centrifu-

gal compressors, the normal system practices developed for elec-

tric heat pumps and other refrigerating and air conditioning sys-

tems with widely fluctuating evaporating and condensing tempera-

tures should be employed. There is extensive experience particu-

larly in the U.S., concerning the failure modes of such systems

/64, 66/. Good system practice includes the use of suction accu-

mulators, sump heaters, pump-downs and/or check valves, and eva-

porator defrost control by air-side differential air pressure

transducers. System cleanliness and good control over system

charging are important, as are reliable controls and intruments.

The internal combustion engine driven systems, particularly small

systems (<100 kW shaft power), also have the reliability of the

prime mover as a significant factor. Larger systems have been

in operation as heat pump drives for about three years in West

Germany and also there is considerable experience of their use for

other stationary duties.

Recent reports on these Otto-Rankine heat pump installations,

which are mainly for swimming pool and leisure centre heating, in-

dicate that the initial periods were not without problems with

the engines and to a certain extent the compressor. Table 3-8

lists the problems found with two such installations. The major

problems appear to have been those associated with leaks of refri-

gerant (particularly from shaft seals) into the engine exhaust

inlet with the possible production of toxic substances. The

reliability problems of large Diesel engine systems can be ex-

pected to be similar to those of large Otto systems.

Small Otto and Diesel systems have not been operated long enough

to be able to assess their reliability. However, development work

to convert automobile Otto engines for heat pump drives has indi-

cated a number of modifications to improve reliability and prolong



System Description Service intervals

1o. Output Source temp. Delivery Motor type Compressor Refrigerant Instal. Installation Reliability Oil con- Oil and oil spark plugs Ref.

temp. and shaft type date problems problems sumption filter

power
(kW) (Oc) ( (C) (kW) (l/h) (hrs) (hrs)

3x1270 .10 +45/+80 Otto twin screw R22 Sept. 1) system 1) 4 months not 1500-4000 6000-10000 /131/

3x235 1977 initially life of ex- known
oversized, haust gas
excessive heat ex-
on/off changer
operation

2) engine 2) refriger-
air inlet ant leaks from
changed to crankshaft
external for seal and oil
safety separator enter-

ed exhaust

700 *8/.25 *24/+55 Otto recipro- R22 March none 1) crankshaft 0.09 1000 1000-1600 /132

1x83 cating 1977 stated seal replaced
every 1000 hrs

2) refrigerant
expansion bel-
lows failed

3) water leak in-
to exhaust gas
heat exchanger

4) oscillations in
evaporating temp.
caused by wrong
size expansion
valve

5) starter motor
changed after

_________ ___3_ ______ 3700 hours

Table 3-8 : Reliability and service: Otto-Rankine heat pump systems
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life /21/. These are summarised in Table 3-9 , along with further

comments received from engine manufacturers. These modifications

and system practices are considered necessary to ensure service

intervals of 1000 hours, which is equivalent to about five times

normal automobile industry practice and this is only approximate-

ly one half to three quarters of a heating season. A Ford engine

of approximately 30 kW shaft power described in reference /21/,

will incorporate the above modifications and will be available in

mid-1980.

Smaller (<30 kW) Otto engines with water cooling are not available

for heat pump drives, although some heat pump manufacturers have

advertised systems with them. Thus the COPeff of such systems is

considerable less than the theoretically possible since only ex-

haust waste heat is recovered.

External combustion engine driven systems should inherently be

more reliable than internal combustion systems because they have

stoichiometric combustion, and also no erosion of valves or oil

degradation by the combustion gases. A study of past failures of

such systems has been undertaken by the American Gas Association

/134/ and the history of the development of free piston, turbine

and absorption systems shows failure to achieve performance and

first cost objectives. In addition, the reliability problems of

systems such as the free-piston Otto-Rankine and rotary vane

Rankine-Rahkine systems led to their abandonment while the inabi-

lity to develop an efficient ejector led to the abandonment of an

ejector-Rankine system.

The kinematic Stirling systems are however complicated and as yet

unproved in practice. The free piston Stirling system is also com-

plex, particularly with regard to the sealing between the engine

and the compressor within the hermetic casing. The free piston

and turbine Rankine-Rankine systems are very much simpler in con-

struction and should show high reliability. The latter type with

a single fluid is particularly simple mechanically, with no shaft
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1. Hardened valve seats and valves

2. Integrated heat recovery package for cooling water and exhaus

gas and cooling water heater for off periods

3. Electronic ignition

4. Speed control by governor operation from inlet vacuum

5. Enlarged oil filter

6. Oil cooler for normal running

7. Oil heater for off periods

8. Auxilliary oil tank to increase oil charge to be sufficient

for 1000 hours

9. Enlarged air filter

10. Air inlet from exterior

11. Service every 1000 hrs: oil and oil filter change, spark-plug

change, valve clearance adjustment

Table 3-9: Improvements to automotive Otto engines to increase

life and reliability /21/
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seals, valves or lubricant to cause failure. The possible causes

of unreliability will be those associated with control and regu-

lation, since the high speed turbine assembly uses its high ro-

tational speed to create a gas bearing, and also those associated

with the possible breakdown of the work fluid if high feed heater

temperatures are used to obtain high performance. The absence of

oil (and iron which acts as a catalyst) from the system increases

the chances of success. The feed pump could contribute to unrelia-

bility, since it has to pump liquid over a wide pressure range.

Sorption systems require a solvent pump (sometimes two) which has

to operate under the same conditions as the feed pump of the

Rankine-Rankine systems. Also the generator, like the Rankine-

Rankine feed heater, could produce chemical breakdown, or reaction

between the solvent and the refrigerant. This is particularly

true of the organic systems, on which little chemical reactivity

and stability data is available.

In general terms it would appear that the systems with the greatest

potential reliability are the sorption and Rankine-Rankine systems,

followed by the Stirling-Rankine and Brayton-Rankine systems.,

3.4.3. System Life

System life is closely related to reliability, service and mainten-

ance. From the field of refrigeration it is clear that sorption

systems have very long lives - longer than equivalent compression

systems. The internal combustion engine systems, particularly

small ones, are likely to have the shortest lives, while the ex-

ternal combustion systems would be intermediate. Over a 10-year

life a heat pump system can be expected to operate approximately

10,000 to 40,000 hours, and this compares to between 1,000 and

2,000 hours for an automobile engine (with services about every

100 hours) and about 30,000 for a domestic refrigerator. It is

therefore considered realistic to expect 10 to 15 years for an

electric-Rankine system, similar for the Otto-Rankine and Diesel-
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Rankine systems, but with periodic engine overhauls or exchanges,

and 15 to 20 years for the external combustion and sorption sys-

tems.

3.4.4. Service and Maintenance

The service and maintenance requirements and costs can at present

only be roughly estimated. Table 3-10 shows the service intervals,

service requirements and estimated costs for similar sized sys-

tems for a single family house. It is quite clear that with the

present technology the Otto and Diesel driven systems are uncompe-

titive in this respect. The situation is further complicated by

the mix of technical skills required by such systems (the motor

mechanic for the engine and the refrigeration mechanic for the

heat pump). Unless an infrastructure can be established with a

network of mechanics trained in both skills then service and

maintenance will be a troublesome aspect in the possible use of

these systems. Not included in Table 3-10 are the costs of a re-

placement engine or a complete overhaul, which would be required

at least in the life of the system. A complete overhaul costs

approximately 30 % of a new engine cost, while a replacement

engine could cost 50 % or more of a new engine cost (plus in-

stallation cost).

The absorption, Rankine-Rankine and free piston Stirling-Rankine

should require considerably less maintenance since they have few

moving parts and these can be easily replaced. The major uncer-

tainties concern the life, performance and reliability of the feed

pump in the Rankine-Rankine and the solvent pump the the absorp-

tion systems, which pump a low mass flow over a large pressure

ratio, often with liquids that cause swelling or leaching of the

plastics and rubbers used in such pumps. The complete engine-

compressor assembly in the free piston Stirling-Rankine and Ran-

kine-Rankine units is likely to be their major source of unrelia-

bility, and the servicing of such units could be difficult in the



System Service Service requirements nnual+ +

interval+ ervice cost
(DM/p.a.)

sorption annual clean and set burner; check charge level, 100 to 150
fans, solvent pump and controls; clean
air source evaporator

Rankine-Rankine annual clean and set burner; check charge 100 to 150
level, feed pump, controls and fans;
clean air source evaporator

Stirling-Rankine annual clean and set burner; check charge level; 100 to 150
check controls and fans;
clean air source evaporator

Brayton-Rankine annual clean and set burner; check charge level; 100 to 150
check controls, fans and airfilter;
clean air source evaporator and recuperator

Otto-Rankine semi-annual change oil and oil filter; change spark- 500
plugs; set valves; change air filter; clean
exhaust heat exchanger; check charge level;
clean air source evaporator; check controls
and fans

Diesel-Rankine semi-annual as Otto-Rankine, but excluding spark-plugs 500

2000 hr heating year
costs estimated at DM 50 (travel)

DM 50/hour (labour)
includes back-up, not including recharging with refrigerant or working gas or replacing
parts other than specified as necessary

Table 3-10 .: Service and maintenance requirements
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field. On the other hand the complete unit could be easily ex-

changed.

For all systems there are two possible methods of organising ser-

vice and maintenance for the domestic and commercial sectors.

1. Break-down service: this is common practice with conventional

boiler systems, but depends on the manufacturer or installer

having a 24 hour service network and a stock of emergency

spares. This system lends itself more to the use of complete

replacement units (engine, compressor units etc.) and so in-

volves greater risks and higher service costs, but only in the

event of a breakdown.

2. Contract service system: this arrangement requires the manu-

facturer, installer or utility (gas, electric or oil supplier)

to offer the user a contract for annual or biannual servicing

of the system and a 24 hour emergency call-out service. The

customer pays an annual fee for the service contract, which

does not include parts and which provides for the annual ser-

vice visit and emergency system. This method has considerable

benefits for the customer (particularly security), while for

the supplier the number of emergency call-outs are minimized

and he can by his approach ensure better reliability and a

good reputation for the product. This type of arrangement is

considered necessary for the engine driven systems, which with-

out regular mantenance by skilled personnel could prove un-

reliable enough to spoil the developing market.

3.4.5. Environmental Effects

The environmental effects of the use of the advanced heat pump

systems have to be considered since their noise and vibration,

emissions etc. could place severe restrictions on their use.

Table 3-11 shows the possible problems that may be encountered

with their widespread use, from which it can be seen that the



Local effects Larger scale effects Malfunctions Restrictions
Systems _ emission noise vibration

electric Rankine none " 35 dBA low SO from coal, or nuclear waste dis- bivalent alternative with
low frequency posal;large-scale waste heat disposal; oil; back-up favoured by

peak demand on electricity supply; utilities; local restric-
little energy saving potential tions on noise from air

source systems
Otto-Rankine CO NO 50 dBA moderate; needs noise nuisance to neighbours from possible production of local noise control re-

(high) low frequency heavy base and air inlet and exhaust; high peak phosgene in exhaust gulations
vibration iso- demand on gas network
lation

Diesel-Rankine CO NO SO2 "50 dBA moderate/high; SO2 in local environment; noise possible production of local noise control re-
(high; needs heavy base nuisance to neighbours from air inlet phosgene in exhaust gulations
+ soot and vibration and exhaust; usually requires oil;

isolation little or no import saving
Vtirling-Rankine CO NOx 50 d8A high, needs heavy possible noise nuisance; possible possible production of local noise control re-
(free piston) (low) low frequency base and vibra- peak demand on gas network phosgene In exhaust gulations

___ __ tion isolation
Stirling-Rankine CO NO, <-50 dBA low possible peak demand on gas net- possible production of m
(kinematic) (low) middle frequency work phosgene in exhaust co

Rankine-Rankine CO NO, 0/0 dBA low/ low possible peak demand on gas net- possible production of
turbine) high frequency work phosgene in exhause

Rankine-Rankine CO NO, N50 dBA high, needs heavy possible noise nuisance; possible possible production of local noise control re-
free piston) (low) low frequency base and vibra- high peak demand on gas network phosgene in exhaust gualtions

tion isolation
Sorption CO NOx 30/40 dBA low/ low possible peak demand on gas net- NH emission locally or 2.5 kg NH3 max. permiss.

(low) middle frequency work possible phosgene charge
_ _____ _ ____ ____________________________ production in exhaust

Brayton-Rankine CO NO, o50 dBA low possible noise nuisance possible production of local noise control re-
__(low) high frequency phosgene in exhaust gulatons

Table 3-11.: Environmental and social effects of the use of heat pumps
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external combustion systems (Brayton-Rankine, Rankine-Rankine,

Stirling-Rankine and sorption) are the best, and of these the

Rankine-Rankine (turbine) sorption (organic) and kinematic Stir-

ling-Rankine have the least detrimental points.

An additional environmental problem is that associated with the

possible leak of secondary fluids (such as ethylene glycol, brine

or fluorocarbons if direct expansion coils are used) into the

ground or ground water when either the earth or ground water are

used as heat source. This could result in pollution of either the

soil itself, or more importantly drinking water supplies where

the ground water is used for this purpose.
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3.5. Applications

3.5.1. Domestic

The potential energy saving has been the stimulus for the develop-

ment of fossil fuel driven heat pumps for domestic heating, and

for this application they have to compete against conventional

boilers and furnaces and also against electric heat pumps (Elec-

tric-Rankine). Advanced heat pumps have the advantages over the

latter of

- higher primary energy saving (see Fig. 3-4 )

- lower peak energy demand (see Table 3-5 )

- greater controllability (see Table 3-3 )

- less sensitivity to source temperature fluctuations (see Table

3-2 )

- less sensitivity to frosting (see Table 3-2 ).

The choice of possible systems is wide, and a selection of the most

suitable systems for this application has to be based on many

other factors as well as those listed'above. Table 3-12 gives an

analysis of the competing advanced systems (including an advanced

electric driven system) for air source, water sink and 20 kW maxi-

mum heat demand against many criteria. These have been grouped un-

der four main headings (performance, design, operation and first

cost). The comparison is based on the Case Study data (see Appen-

dix), and is a much simplified overview of the characteristics of

each system. In particular the first cost data can be misleading,

since for some systems the costs are target first costs indicated

by the developers i.e. those which they foresee as economically

attractive (Rankine-Rankine, Stirling-Rankine, Diesel-Rankine and

Absorption), while others are based on present selling costs

(Electric-Rankine and Otto-Rankine). In addition, German first

cost estimates are often considerably higher than those from other

countries.



Gas / 011
Fuel i Electri c

External Combustion Internal Combustion

Drive Motor Ronkine Stirling ! - Otto Diesel
(Turbine) (Free piston)

Heat Pump Raonkine nki Rankne Absorption Resorptlon Ronkine Rankine Coments

PERFORMANCE

COPg 2,5 (0,75) 1,1 - 1,2 1,3 - 1,4 1,3 - 1,2 1,1 1,3 - 1,4

Sensitivity to Ts high low medium medium medium medium

SPF 2,7 (0,81) 1,2 1,5 1,2 1,1 1,5

Sensitivity to frosting high (3-5%) low (1-2%) medium (.,2%i low (1-2%) unknown low (1-2%) medium (I, 2%) COP ot T ='C

T (C) at COP =1 +2 (COP = 3,3) - 10 -10 -4 -4 -10 T = 45C. For5 5 g ' H C F
SPff 2,5 (075) 1,1 -1,2 1,3 1,1 -1,2 1,1 1,3 electric system () refers to

Prime energy saving 0 25 - 30 % 40 - 45 % 25 - 30 % 20 - 25 % 40 - 45 % electricity efficiency of 0,3

DESIGN

Size (h.p. only)(m) 0,5 -0,7 1 0,9 0,8-1 >1 1,3 1,2

Weight (h.p. only (kg) 150- 200 rl. 150 ,~ 200 200 . 200 175 185

Back-up 50%: external 50%: internal 40%: external 100%: internal 100%: internal 60%: external 66%: external

Control possible speed speed speed (2:1) feed pump speed feed pump speed speed (2:1) speed (2:1) () Range of speed
(2:1) +on/off on/off + o n/of f + on/off + on/off + o n /off /+ on/off control

Safety: fire low lo lw NH3: high; NH3: high; low low

other: low other: low

toxicity lo l w ow higow NH : high low low

other: low other: low

OPERATION

Controlabillty low medium high medium medium high high

Reliability medium high medium high high low low

Service needs medium low high low low high high

System live (yrs) 10/15 15 15/20 15/20 15/20 10/15 10/15

Noise and Vibration medium low medium low lov, high high

Pollution high: district medium: local medium: local medium: local medium: local medium: local high: local

FIRST COST (DM)

Heat Pump 8000/- -/3200 -/3000 8000/4000 8000+/4000+ 14,9000/- -/9,000 Relative Cost is total

Book - up 2000 - 2000 - - 225 00 system cost divided
by total cost of gas

Radiators etc 9000 9000 9000 9000 9000 9000 9000 fired boiler system
Total 19,000 12,200 14,000 17,000/13,000 ? 26,400/- -/2o,500 est DM 12,000)

First figure Is present
Relative Cost 1,6/- -/1,0 -/1,2 1,4/1,1 1,4/1,1 + 2,2/- -/1,7 cost, second Is target

cost.

1) Air Source, water distribution system, 20 kW heat load at -15°C, heat pump sized for 0°C ambient, climate North Germany

Table 3 - 12: Comparison of advanced heat pumps for domestic heating
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The approximate order of merit under the six main headings are

given in Table 3-13.

criteria best middle worst

Diesel-Rankine absorption electric-Rankine

performance Stirling-Rankine Otto-Rankine
Rankine-Rankine
resorption

absorption electric-Rankine Diesel-Rankine
design resorption Stirling-Rankine Otto-Rankine

Rankine-Rankine

absorption electric-Rankine Diesel-Rankine
operation resorption Stirling-Rankine Otto-Rankine

Rankine-Rankine

absorption + electric-Rankine Otto-Rankine
first cost Rankine-Rankine + Diesel-Rankine

Stirling-Rankine resorption

energ Diesel-Rankine absorption
saving Stirling-Rankine Otto-Rankine electric-Rankine~~~saving++ Rankine-Rankine

absorption
oil sub- ++ Otto-Rankine
stitution Rankine-Rankine

StistR in-Rankine electric-Rankine Diesel-RankineStirling-Rankine

based on target costs

+ against oil fired boiler; all systems bivalent-parallel and gas-
fired back-up except Diesel and electric-Rankine which have oil
fired back-up; electricity from non-oil fired plant

Table 3-13: Order of merit of systems for domestic heating (from

Table 3-12)

It is clear from Table 3-13 that the system with the best perfor-

mance are not those with the best characteristics in the other res-

pects. In particular the Diesel-Rankine system, with the best

performance, scores badly in other respects. The external com-

bustion systems offer the greatest potential, judged on all the as-

pects considered, for this application while the scope for their

further development is considerable. These systems are the absorp-

tion, Rankine-Rankine and Stirling-Rankine systems, and the re-

sorption and the Ericsson-Ericsson systems. The first three sys-
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tems are at present at an advanced stage of development, though

they are not due for commercialisation until 1983/1985. Much work

is therefore still to be done before such systems become available.

For their successful application to domestic heating the following

areas have been identified as critical in their development

Absorption : 1. achieving design performance objectives

2. replacement of NH3/H20 by safer fluids with

similar or better performance characteristics

3. reduction in size and first cost

4. development of high performance low cost sol-

vent pumps

5. formulating of design methods for efficient

generators and absorbers

6. development of control methods to give con-

tinuous output variation over a wide range

with minimal reduction in performance

7. extension of application range to larger and

smaller unit sizes.

Rankine-Rankine : 1. achieving design performance objectives

2. proving longevity and reliability of expander-

compressor unit (turbine and free-piston

units)

3. development of control methods to continuous

output variation over a wide range with mi-

nimal reduction in performance

4- development of high performance low cost

feed pumps

5. extension of application range to air distri-

bution, summer cooling and larger unit sizes

(smaller may not be possible)

Stirling-Rankine : 1. achieving design performance objectives

2. proving longevity and reliability of free

piston expander-compressor unit
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3. development of control methods to give con-

tinuous output variation over a wide range

with minimal reduction in performance

4. extension of application range to water

distribution and larger and smaller unit

sizes.

The remaining systems (resorption and Ericsson-Ericsson) are at

earlier stages of development and consequently must meet not only

the relevant objectives listed above but their development also

needs to be accelerated so that they are available in time to com-

pete for the market against the other systems. In view of their

potential for better performance than the other external com-

bustion systems the acceleration of their development is consi-

dered desirable. In the context of air as a distribution medium

and the possible cooling application of the systems (these two

requirements are usually linked for domestic applications) the

comparison contained in Table 3-12 needs to be conditioned by

the relative cooling performance shown in Table 3-4 On this basis

the Stirling-Rankine system shows the greatest potential, both in

terms of capacity and.COPeff. For climates with a small cooling

requirement the absorption and Rankine-Rankine systems may have

some potential, but look uncompetitive with the already well

established reversible electric heat pump.

3.5.2. Commercial

The trend since 1974 in the commercial market (offices, schools,

leisure centres, public buildings, etc.) has been towards the use

of heat pumps to replace air-conditioners and boilers. These have

in the main been electric driven; the notable exceptions being for

swimming pool and leisure centre heating and cooling for which

Otto engine driven system have become well established. It is clear

that on the basis of performance and cost the Otto and Diesel sys-

tems are well suited to swimming pool and leisure centres and also

to the air-conditioning and heating of large commercial buildings,
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particularly when there is a requirement for simultaneous power

generation. These small combined heat and power plants, particular-

ly Diesel engine driven ones, would appear logical for the pro-

viding of combined services for large public buildings and other

building complexes. In the latter case the engine is used to ge-

nerate power only and the engine waste heat is used for the heat-

ing of the main building. The power can then be used to drive

electric heat pumps for heating remote buildings.

Smaller commercial buildings requiring heating (and often cooling)

are usually too small to justify an engine driven system and for

these the electric motor driven systems predominate. The earlier

use of absorption systems for this use declined up until 1974

because of their higher capital costs and generally poor efficien-

cy. In this case there would appear justification for the develop-

ment of engine driven systems and also the external combustion

systems (Brayton-, Rankine- and Stirling-Rankine) both to reduce

energy consumption and to permit substitution of petroleum based

fuels. The Brayton and Stirling engine driven systems are more

suitable for this application because of their high cooling ca-

pacity and COP, though in northern climates the heating capacity

and COP is more significant. The high noise level of most engine

driven systems combined with localised pollution from oil driven

systems makes the development of systems such as the kinematic

Stirling-Rankine desirable for this application. The major problem

with this systems is the present high first cost.

3.5.3. District Heating

In northern Europe district heating is a well established practice,

often as part of a larger combined heat and power scheme. However,

the majority of district heating systems are smaller than that

needed to justify the investment associated with a combined heat

and power plant. They therefore are based on a central hot water

or steam boiler station providing heating to the neighbouring do-

mestic, commercial and occasionally industrial premises. For fuel
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most of these boilers use oil, sometimes combined with garbage

incineration, and to a much lesser extent coal and natural gas.

The substitution of oil by other fuels in such district heating

schemes can be achieved by using gas, or by burning such less en-

vironmentally desirable fuels as coal, lignite, garbage, industrial

waste etc. However, for a given heat demand a greater quantity of

these fuels needs to be burnt than oil because of their lower ca-

lorific value and the lower efficiency with which they can be burnt.

Further there are problems with pollution control, fuel handling

and waste disposal. In the case of garbage and waste there is usual-

ly an unsufficient supply to meet the heat demand and so additional

oil has still to be burnt in peak periods.

The problems described above in converting district heating schemes

from oil can be substantially reduced by the use of heat pumps to

meet at least a proportion of the heat load. Since direct fired

large heat pumps are capable of having SPF's in the range 1.7 to

2 they can be used to reduce the energy demand of the district

heating systems by 40 % to 50 %. When such systems are operated

on wastes, such as garbage etc., then the energy requirement of

the district heating scheme can be better matched by the supply

and the associated problems reduced in scale.

A number of systems are possible

1. External combustion systems (such as sorption heat pumps and

compression systems with Stirling, Brayton or Rankine drive

cycles) can have a multifuel capability and can be combined

with advanced burning techniques such as the fluid-bed boiler.

The boiler can be capable of both powering the heat pump and

providing the additional peak demand.

2. Internal combustion systems, such as Diesel and Otto engine

driven compression heat pumps. These require natural gas,

liquified petroleum gas, oil or more usefully heavy fuel oil, coal

dust or combustible waste gases as fuel.
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3. Electric motor driven compression systems. When the installation

is near a condensing power station the condenser cooling water

can be used directly (or indirectly from a warmed river or lake)

as heat source. This in effect creates a small combined heat

and power plant but with much greater flexibility of operation

and requiring no modification to the power plant. Older coal

burning power stations placed near city centers and which are

already amortised and are low in the operating order can by

this method have their useful life extended and their thermo-

dynamic efficiency improved.

Table 3-14 lists the known district heating systems and shows a

diversity of sources and fuels but with a concentration on inter-

nal combustion engine drives. Thermal outputs lie in the range

163 kW to 27 MW.

The most comprehensive study of heat pumps for district heating

/133/ has shown that the heavy fuel oil Diesel engine driven sys-

tem has the greatest fuel saving potential and best economic

prospects when replacing a boiler using the same fuel. The most

economic size of heat pump is with thermal outputs in the range

5 MW to 20 MW. Below 2.5 MW heavy fuel oil cannot be used while

above 40 MW it is more economic to use coal fired combined heat

and power plant.

The weakness of using Diesel engines for district heating heat

pumps is that, although there can be a 50 % reduction in oil con-

sumption, there is still a dependance on imported petroleum pro-

ducts. Dual-fuel operation (e.g. gas and oil) would tend to alle-

viate this weakness, but results in greater system complication.

The Diesel engine driven heat pump for district heating would

therefore suffer from the possible future oil price inflation (re-

lative to other fuels) and possible shortages of fuel due to poli-

tical factors. The gas engine driven systems, though less efficient,

would not suffer this problem to the same extent especially when



Country Fuel Drive heat Pump Source TI(C) Thermal out- COPe D.H. T (C) Back-up Stage
put ( eff scheme

Denmark fuel oil Diesel compression sewage .10 to .16 10.2 2 new 85 oil boiler construction

Denmark Diesel oil Diesel compression horiz.ground * 2 to +16 0.4 1.6 existing 45/ garbage boi- construction
ler (+oil)

Germany mine gas Diesel or compression coalmine +20 25 1.3 existing 90 oil boiler planning
Otto cooling

Germany coke gas steam absorption waste heat +40 to +60 3.0 1.3 existing 90 oil boiler construction

Japan kerosene - absorption waste water 30 to +60 8.75 1.3 not known 90/150 oil boiler proposed

Japan electricity electric comp/abs. waste water +30 to +60 17.4 0.9 not known 90/150 oil boiler proposed
motor

Netherlands natural gas Otto compression ground water *10 0.163 2 new 40 gas boiler construction

Norway electricity electric compression sea water * 5 to * 6 27 3.0 new 55/75 oil boiler proposed
motor

Sweden Diesel oil Diesel compression air -25 to +20 0.816 1.4 existing 80 oil boiler planned

Switzerland wood gas Otto compression air, solar -16 to +16 , 0.25 not new 90 oil boiler proposed
known

Switzerland natural gas Otto compression lake water * 3 to +15 0.861 1.5 existing 76 oil boiler construction

heat pump only, primary energy related

Table 3-14: Existing or proposed heat pump district heating schemes
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locally produced gas is available. However, no fuel substitution

is possible with such systems, making them vulnerable over their

projected lifespan (15-20 years) to fuel price inflation and

shortages. The external combustion systems, which can be designed

as multifuel or can be later adapted, could possibly be alternati-

ves. Gas turbines (Brayton cycle) cannot be operated successfully

on coal and so the most hopeful systems from this aspect would
appear at present to be multistage sorption systems, Stirling-
Rankine and Rankine-Rankine systems. For the latter steam can be
used for the power cycle, though this would be only practical for
large systems for which combined heat and power would be more li-
kely to be economically attractive. For smaller systems organic
fluids are possible, but this results in lower drive cycle effi-
ciency and larger heat exchangers than for steam. Stirling engines
large enough for district heating applications are not available,
though the kinematic Stirling engine has the potential advantages
of high efficiency, reliability, multi-fuel capability and low
noise. Thus heat pumps for district heating can be ranked (Table
3.15.) in order of merit for performance (i.e. COPe based on
existing district heating distribution temperatures of +80/+90°C

and source temperatures of +10/+20°C and thermal outputs in the
range 400 kW to 1 MW); controllability, first cost, multifuel ca-
pability, energy saving potential and oil substitution. A more de-
tailed comparison is not at present possible, since at present on-
ly Diesel, Otto and absorption systems have been considered for this
application. In addition, a detailed comparison has also to be based
on the characteristics of existing or planned district heating sche-
mes. For example, new schemes could be based on water distribution
temperatures of +40/+50°C so that a monovalent heat pump with floor
warming can be used. Alternatively, in new or existing schemes, bi-
valent-parallel operation can be utilised to give the higher nor-
mal distribution temperatures at peak periods. In these circumstan-
ces the advanced systems,e.g. sorption, Rankine-Rankine and
Stirling-Rankine, may be considered. Since these have a multifuel
capability the possibility would then exist to base new district
heating systems on heat pumps to both save energy and avoid use of
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petroleum based fuels or natural gas.

criteria best middle worst

performance+ Diesel-Rankine Otto-Rankine absorption
Stirling-Rankine Brayton-Rankine

Rankine-Rankine

controlla- absorption Brayton-Rankine Rankine-Rankine
bility Diesel-Rankine

Otto-Rankine
Stirling-Rankine

first cost Diesel-Rankine absorption Stirling-Rankine
Otto-Rankine Brayton-Rankine

Rankine-Rankine

multifuel absorption Brayton-Rankine Otto-Rankine
capability Rankine-Rankine Diesel-Rankine

Stirling-Rankine

energy Diesel-Rankine Otto-Rankine absorption
saving+ + Stirling-Rankine Rankine-Rankine

Brayton-Rankine

oil sub- ++ absorption electric-Rankine Diesel-Rankine
stitution Brayton-Rankine

Otto-Rankine
Rankine-Rankine
Stirling-Rankine

for water distribution temperature +80/+90°C, source tempera-

ture +10/+20°C.

see Table 3-13 for assumptions.

Table 3-15: Ranking of heat pump systems for district heating
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3.5.4. Industrial

The assessment of the potential of the various advanced heat pumps

in industry is made difficult by the diversity of possible appli-

cations. However, there are a number of main areas of application

which have been identified and characterised, and for some of

these electric heat pumps have been developed. From this charac-

terisation the most suitable advanced heat pumps can be identified.

The largest potential markets for heat pumps have previously been

identified as heat recovery from refrigeration and cooling plant

for space or water heating, the coupling of heating and cooling

processes within the same plant, and drying. Since refrigeration

systems generally use electric motor drives, there is little po-

tential market in this application for advanced heat pumps (which

are also characterised by a much higher heating capacity than

cooling capacity). Simultaneous heating and cooling is an extreme-

ly diverse market in which it is not possible to identify potential

applications for standard equipment and so each application tends

to require an individually designed piece of equipment. At present

electric-Rankine systems are being used to couple together pro-

cesses where the heat requirement is below 70°C, and sometimes

using R114 as work fluid for up to 100°C. The major advantage in

the possible use of direct fired systems for these applications

would be the higher performance (COPeff) available (over the same

temperature difference as the electric-Rankine systems) or the ex-

tension of the temperature range of the heat recovered to 80/120°C.

However, the distinguishing characteristics of most industrial

applications (over those in the commercial and domestic areas) are

the longer operating hours (2000 to 8000 p.a.),the necessity for high

reliability and low maintenance, and usually the ability to operate

in a dirty environment. Under these aspects the most efficient

systems (Diesel-Rankine and Otto-Rankine) have the worst charac-

teristics, while the inherently most reliable (the absorption sys-

tem) is limited with present working pairs to operate with about
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90°C condensing temperature. Research and development into the

other systems has not even begun.

The usual requirement is to cool or to recover heat from processes

in the temperature range 30 C to 80°C and to provide hot water at

80°C to 120°C or low pressure steam at 100°C to 140°C (1 to 3.5

bar). The cooling water heat from Diesel or Otto engines cannot

be recovered at the upper end of this temperature range so their

efficiency is considerably reduced. The only systems that would

appear feasible for these applications would be the sorption

(with multistaging and new working pairs), the Rankine-Rahkine,

Brayton-Rankine and Stirling-Rankine systems.

An aspect of heat recovery in industry, which applies to heat

pumps as well as other possible systems, is the fouling of the

heat exchangers (usually the evaporator)by the contaminated li-

quors or exhaust air which are used as heat source.

Convective drying in industry is carried out with temperatures

in the range 40°C to 400°C, with the majority of applications in

the range 80°C to 200°C. For the lower end of this range (up to

100°C) the engine driven systems would appear most attractive

(i.e. Diesel and Otto), particularly for larger applications with

continuous operation /107/. At higher temperatures there are three

possibilities, external combustion driven- Rankine systems, the

Brayton-Joule or electric-Joule system (the heat pump side using

the dryer exhaust air as working fluid) or replacing the dryer

airstream by steam. The latter solution is already being pursued

with electric drives /91/ while the electric-Joule system has

been proposed by several workers but has not yet been fully ex-

plored for this application /122, 123, 124/.

Summarising, the industrial applications for advanced heat pumps

(including electric drives) would appear to lie in the area of

heat recovery, the coupling of simultaneous processes and convec-

tive drying. All these applications require the development of
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suitable work fluids, processes and equipment to allow operation

at higher temperatures with high performance and reliability and

often with contaminated heat sources.
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4. Market Study

4.1. Technical Approach

National market study teams estimated the implementation potential for
advanced heat pumps from 1980 to 2000 using a technical approach prepared by
RPA. Although AHP systems will also have a significant market in commercial/
industrial applications, only installations in single-family (SF) and multi-
family residential buildings (MF) were considered in this study. Furthermore,
national teams assumed that the entire housing stock in each country will
require the following standard sizes of AHP installations:

SF and MFI MFII

3-4 kW 50 kW
10-12 kW 100 kW
15-20 kW 400 kW

2 MW (district heating)

The five major steps in the technical approach were:

1. Estimate H/C installations through 2000

2. Estimate energy requirements and operating costs of AHPs and conventional
systems

3. Rank AHP and conventional systems according to decision criteria

4. Determine economic potential of AHP systems

5. Determine implementation potential.

These steps and the necessary data inputs required to complete them are
outlined in Figure 4-1. Each AHP system considered in the market study is
described in Chapter 3 of Volume 3, which includes detailed technical profiles
in Appendix B.

4.1.1. Estimate H/C Installations Through 2000

In the initial part of the study, national teams estimated the annual number of
all heating and cooling installations between 1980 and 2000. These estimates
indicate the size of the annual market in which AHP systems will compete with
conventional systems (i.e., both conventional heat pump systems and conventional
heating and cooling installations such as furnaces).

To complete the first part of the study, national teams first collected
detailed inventories of existing housing stock and current installations of
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types of heating and cooling systems. Such information was necessary to
estimate the potential for AHP installations in existing stock. Four cate-
gories of heating systems were defined for both single- and multifamily
buildings:

Central air: Central heating plant serving either the individual housing
unit or the entire building, with forced-air heat distribu-
tion; the most common system in North America.

Central water: Central heating plant with heat distribution by hot water;
the most common system in Europe.

Space I: Electric baseboard (or other heating built into the building
structure) and ductless furnaces.

Space II: Stoves or other room heating units (i.e., units not built into
building structure), common in Japan and in older buildings in
Europe.

As a result of these definitions, multifamily housing stock was further cate-
gorized by types of heating systems:

Multifamily I (MFI): Apartment buildings with individual heating systems
(i.e., electric heating or stoves or other room-heating
units)

Multifamily II (MFII): Apartment buildings with central heating systems (i.e.,
central water or air)

The inventory of existing housing stock revealed that only the United States
and Japan have significant demand for residential cooling systems. All cooling
systems considered in this study were categorized as either central air or
Space II systems in both single- and multifamily buildings.

The existing stock was also categorized by the fuel used for heating, a key
factor in determining the heating system selected for replacement, moderniza-
tion, and retrofit installations. Fuel types include:

* Oil/Diesel

* Natural gas

* Electricity

* Coal

* Other (district heating, block central heating).

National teams then estimated the annual amount of new construction between
1980 and 2000, classifying single- and multifamily buildings by type of heating
system as for the existing stock. Teams also made assumptions about the fuels
available for heating systems in new housing, particularly the availability of
natural gas.
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In most countries, the largest market for heating and cooling installations is

not in new construction but rather in the replacement, modernization, and

retrofit of systems in the existing housing stock. Each type of installation,

which is defined below, implies a different set of options for system

purchasers:

* Replacement: The existing heating system is worn out and must be

replaced. The distribution system (i.e., central air or

water) is not changed.

* Modernization: The existing heating system is replaced to upgrade living

conditions. The distribution system may also be changed.

Modernizations will be most common in Europe as Space II

systems are replaced with central water.

* Retrofit: The existing heating system, though not worn out, is

replaced with a new system for greater energy efficiency

and lower operating costs.

National market teams made varying assumptions about the percentage of the

existing stock that would require installations of each type in the 1980-2000

period. Most teams assumed that installations resulting from replacement,

modernization, or retrofit would continue to use the same heating fuel as

existing systems.

The annual number of installations was calculated as the sum of the install-

ations derived from new construction and those derived from replacement,

modernization, and retrofit.

4.1.2. Estimate Energy Requirements and Operating

Costs of AHPs and Conventional Systems

The next step in the analysis was to develop operating costs and capital costs

for the heating and cooling systems that will compete in each market segment.

Operating costs depend on the system's energy efficiency, which determines the

amount of energy necessary to meet expected building heating and cooling loads.

Unlike conventional systems whose efficiency is independent of climate condi-

tions, a heat pump's efficiency (or coefficient of performance) varies with

outside temperature, particularly if its heat source is outside air.

National teams calculated the energy requirements of heat pump systems by using

aggregated climatic data for their countries (some countries, such as Canada,
Japan, and the United States, performed the analysis by region). The annual

hours of required heating (and/or cooling) were grouped in bins according to

the prevailing outside temperatures. The coefficient of performance (COP) of
the heat pump at each temperature was then taken from the specification or

profile of heat pump performance and cost provided from the technical study.

Analysts then calculated the energy consumption of the system for each bin of

hours and added them up to derive the annual energy consumption of the heat

pump system. The calculation methodology also covered estimation of the

consumption of heat pump back-up systems. At the end of the calculation,

analysts estimated energy consumption of the total heat pump system over the
heating and cooling seasons and the seasonal performance factors. Similar
calculations were made for conventional systems.
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Analysts then applied estimates of expected future fuel costs to these energy
consumption values to calculate energy cost; assumed maintenance and service
costs were added to arrive at total annual operating costs for each system;
The analysis was carried out in real money (no inflation). But, since fuel
costs tend to escalate in real terms over the period, separate estimates of
operating costs were made for each five year period from 1980 to 2000.

The first cost data used in the market study are in some cases uncertain and
not very homogeneous, since for some systems the costs are target first costs
indicated by the developers, i.e., those that they foresee as economically
attractive (Rankine-Rankine, Stirling-Rankine, Diesel-Rankine, and Absorption),
while others are based on present selling costs (Electric-Rankine and Otto-
Rankine). In addition, German first cost estimates are often considerably
higher than those from other countries.

Using capital costs in Deutschmarks taken from the heat pump profiles, national
teams estimated costs for competing AHPs and conventional systems. Deutschmarks
were also used to calculate the capital and maintenance costs reported in the
heat pump profiles in cases when the original cost information came from a
country other than Germany.

Most countries estimated heating/cooling installations by fuel type, especially
for the replacement, modernization, and retrofit installations. Some countries
allocated installations by fuels later in the analysis, incorporating the
choice of fuel into the final selection of heating systems.

4.1.3. Rank AHP and Conventional Systems by Decision Criteria

The next step in the analysis was to introduce decision makers' criteria for
selecting a heating system. National teams estimated the percentage of
decision makers in each market segment that would choose among AHP profiles
and competing conventional systems according to such criteria as:

* First cost

o Payback period

* Annual energy or operating cost

* Life-cycle cost.

The heating/cooling installations within a market segment were then allocated
among the criteria that would apply according to these percentages.

At this point in the analysis, each national team had identified a number of
market segments, characterized by:

* Number of installations in each 5-year period between 1981 and 2000

* Type of building (single-family, multifamily I, multifamily II)
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* Type of installation (new construction, replacement, modernization,

retrofit)

* Other distinguishing characteristics such as type of heat distribution

(usually water)

* Decision criteria

* AHP and conventional systems competing in the segment.

National teams then calculated the values of the decision criteria for all the

systems, both advanced heat pump and conventional, that would compete in each

market segment. The systems were then ranked according to each criteria.

4.1.4. Determine Economic Potential of AHP Systems

The allocation of installations to competing systems, called the economic

market potential, was performed in different ways in different countries.

In most of the countries, all the installations in the market segment were

allocated to that system (either advanced heat pump or conventional), which

ranked first on the associated decision criterion. In many cases, however,

technical limitations (such as natural gas availability or restrictions on

ground heat sources) prevented this system from taking the entire market.

Where this occurred, as many installations were given to the first-ranking

system as technical limits would allow, and the rest given to the second-

ranking system.

Some countries allocated all their installations to fuels before they allocated

them to systems; most countries used this method for the replacement, moderni-

zation, retrofit segments. As a result, in these markets, competition for the

market occurred only within fuels. Other countries allocated their installa-

tions to fuels and heating/cooling systems at the same time; often, countries

allocated systems to new construction segments in this way. In these markets,

competition among systems occurred across fuels, and more systems were able to

compete. This more comprehensive analysis was done most often in those

countries which analyzed a large number of systems and market segments.

4.1.5. Determine Implementation Potential

In the last step of the technical approach, the national teams estimated the

implementation potential for advanced heat pumps. The implementation potential

is the economic potential reduced to reflect a host of factors that slow the

introduction of a new technology, including the inherent reluctance of

consumers to try a new product (a reluctance not fully captured in the decision
criteria), institutional barriers, supply constraints, and the like. The

technical approach specified high, low, and nominal market penetration rates

taken from past experience with similar products.
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One important limitation in this approach can result in the underestimation

of the market potential for some technologies, and the attribution of

overestimated market shares to others. Except for AHP systems with an

exceptionally large market potential or very little potential, no definitive

conclusion should be drawn without an analysis of the sensitivity of the

results to changes in costs, performances, or other factors influencing each

system's economic performance.

4.2. Market Analyses of AHP Systems

Although most of the countries participating in the AHP market study followed

the same technical approach, they analyzed different AHP systems in different

markets and made divergent assumptions as required by specific conditions in

each country. The definitions and assumptions that were used in developing

the market estimates are explained in this chapter; the similarities and

contrasts help illuminate the wide differences in the market potential for

AHP systems in the countries covered in the study.

National teams estimated markets for heating and cooling installations in three

types of buildings:

* Single-family (SF): individual houses

* Multifamily I (MFI): apartment buildings with individually heated or

cooled apartments

* Multifamily II (MFII): apartment buildings with a single (building

central) heating/cooling plant.

Heating distribution systems installed in existing or new buildings were

limited to four types:

* Central air: central heating and cooling system serving any of the three

types of buildings with forced hot and cold air distribution;

the most common system in the United States and Canada.

* Central water: central heating plant with heat distribution by hot water;

used in all three building types; the most common system

in Europe.

* Space I: electric baseboard (or other electric heating systems built into

the building structure) and ductless furnaces; used only in

SF and MFI buildings

* Space II: stoves or other room heating units (i.e., not built into the

building structure); common in Japan and in older buildings in

Europe; used only in SF and in MFI buildings.
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Most AHP systems will be installed in central heating systems. (Japan was

perhaps the only country that considered room or space II installations.)

Denmark, Japan, Sweden, and Switzerland also assessed the market potential

for large AHPs installed in block central heating systems suppling several

buildings or in district heating systems supplying urban districts.

In addition to the housing stock and types of heating and cooling installations,

the potential for AHPs is conditioned by the price and availability of fuels.

Each country made its own assumptions about future energy prices and their

escalation rates over the period covered by the study (see Table 4-1).

Fuel prices vary considerably among countries. Canada and the United States

have the lowest oil prices, Denmark, Austria, and Switzerland the highest (the

latter three countries all show substantial heat pump markets). Natural gas

prices are lower, in general, than oil prices for the same energy equivalent of

fuel, reflecting perhaps the inertia of regulated gas prices and the desire of

some governments to limit oil usage through expanded sales of gas. The Nether-

lands and the United Kingdom, bordering the North Sea, predicted very low gas

prices, one factor that limits AHP market potential in these countries.

Electricity prices are highest in the Netherlands, Austria, Japan, and Denmark

and, lowest in Sweden (where AHPs have a considerable market share) and Canada.

Because gas prices are often lower than oil prices, and gas boilers are less

expensive than most other heating systems, the market share for AHP systems

using gas depends more on the availability of gas than on its price. Thus,

the extent of the natural gas network is a key assumption in many countries.

Several countries, including the United States, Canada, Spain, and Switzerland

have entire regions that lack natural gas pipelines. Sweden and Switzerland

have little or no gas distribution systems.

Participating countries selected the AHP systems and market segments that they

would analyze in the study. Their selections are listed in Table 4-2. This

choice amounted to a prejudgment of the systems most likely to succeed in the

market, but limited resources forced some participants to consider less than

the full number of systems that could in fact compete in their markets.

AHPs 2, 13, and 15/18 were selected for analysis by the most countries, and

these systems also demonstrate the most significant market potential.

All countries participating in the market study agreed on the estimated

technical performance of the 16 AHP systems analyzed, but there was some

divergence on the capital costs.

A number of technical constraints limit the market penetration of specific
systems, including:

o Space limitations in buildings, especially in replacement/retrofit

applications

* Space limitations between buildings, which limit the use of groundwater

or soil-source heat pumps; particularly in urban areas

* Difficulty of sizing the unit for both heating and cooling loads



Table 4 - 1

ENERGY PRICE ASSUMPTIONS

Energy
Prices United United
(0,01 DM/kwh) Austria Belgium Canada Denmark Italy Germany Japan Netherlands Spain Sweden Switzerland Kingdom States

oil price (1979) 6,5 5,5 2,2 7,0° 5,0 5,0 4,5 5,0 4,7
b

6,2 3,7 2,6

Projected d
escalation rate (X) 4,5 3,0 3,2 8,0 3,0 5,0 8,0 4,0 2, 2,5 - 3,5 2,0 - 3,0

Gas price (1979) 6,1 5,5 1,3 -1,6 3,0 3,7 8,9 4,3 6,0 5,5 3,24 1,4 - 3,1

Projected
escalation rate (X) 4,0 3,0 3,2 2,0 5,0 7,0 3,5 3,0 2,0 - 3,0 4,2 1,5 - 4,5

Electricity price,
end 1979 15,0 15,0 4,0-5,6 14,0 9,0 14,1 17,0 10-13,2 7,2 5,0-15.0 10,7 5,5-12,9

Projected escalation
rate (X) 2,5 0 1,4 3,0 2,5 7,0 1,8 3,0 1,2 < 1,0 0-2,0

a. Heavy oil

b. 4,5 single-family, 4 multifamily, 5 Diesel oil

c. Estirate for 199o

d. Three scenarios: 4% oil, 2% oil, 2% electricity, 2% oil, 1 % electricity

e. Price for operating heat pump only, excludes taxes.



Table 4 - 2

A H P Profiles Analyzed by Notional Market

Study Teams: Technical and Market Characteristics

Thermal
Year of Heat Pump Drive Output

AHP Profile Introduction Cycle Type Fuel Heat Source (kW) Market Segment*

20 1985- 1986 Absorption Direct Oil, gas Ambient air 3 - 20 SF, MF I
2 b 1985- 1986 Absorption Direct Oil, gas Ambient air SF, MF I
3 1981 Absorption Steam boiler Oil, gas Wastewater ) 2,000 MF II, district
4 1982 Rankine Diesel Oil Ambient air 10 - 20 SF, MF I
4 a 1980 Rankine Diesel Oil Soil > 400 MF II
5 Before 1985 Rankine Diesel Oil Ambient air 100 -6,000 MF II, district
6 1981 Rankine Diesel Oil Sewage >2,000 MF II
7 1980 Rankine Otto Gas Ambient air 10 - 400 SF, MF II
8 1981 Rankine Otto Gas Air / ground / 400 MF II

surface water
9 1983 Rankine Stirling Oil, gas Air / ground/ 3 - 20 SF, MF I

surface water
13 1980 Rankine Motor Electricity Ground 3 - 1,000 SF, MF I, MF II
14 1985 Absorption Direct Gas Ambient air 10 - 20 SF, MF I

15/18 1985 Rankine Rankine Oil, gas Ambient air 10 - 400 SF, MF I, MF II
16 1985 Rankine Brayton Oil, gas Ambient air 50 MF II
19 1982 Absorption Direct Kerosene Wastewater 2,000 District
20 1982 Absorption/Rankine Motor Electricity Wastewater 2,000 District

SF - Single family houses
ML - Individually heated apartment units
ML II - Apartment units In centrally heated buildings
District - District heating
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* The high temperature (90/70°C) often required by existing hot water

distribution systems

* Climate conditions (cold air temperatures, icing) that render air-source

heat pumps unattractive

* High noise-level problems.

In addition, several institutional barriers limit the technical applicability

of AHPs, such as environmental restrictions on the use of groundwater as a

heat source or safety restrictions on the use of ammonia as a working fluid.

Countries considered these constraints in deciding which AHP systems would

be able to compete for each market segment. In some cases, the technical

constraints represented only partial limitations on the AHP, and they were

applied later in the analyses when calculating implementation potentials.

Because AHP systems are almost always more expensive to buy and install than

conventional competitors, including electric heat pumps, their economic attrac-

tiveness depends largely on achieving low operating costs. Low operating costs

in turn require a low energy consumption or high energy efficiency, in addition

to reasonable maintenance costs.

The energy efficiency of a heat pump is measured by the seasonal performance

factor (SPF), the ratio of energy delivered (or extracted in the case of

cooling) to energy consumed over the heating or cooling season (either fossil

or electricity) by the entire heat pump system, including the back-up system,

if any. Because the instantaneous efficiency (the coefficient of performance

or COP) varies with climate for many heat sources (e.g., outside air, soil),

calculating SPF can be complex. The SPF values for heating are shown in

Table 4-3. The countries with the colder, more extreme climates (e.g.,

Canada, Sweden, United States), show lower SPFs than those with moderate

climates (e.g., United Kingdom, Belgium). The Netherlands used COP estimates

from revised case studies, instead of cost profiles, used by Austria and the

United Kingdom. Therefore, their calculated SPFs are low, which may partly

explain why AHPs have no market in that country. The SPFs of AHP 13 (the

electric heat pump) are higher than SPFs of systems burning fossil fuels,

because they do not reflect electricity generating efficiency.

To calculate measures of economic attractiveness for each AHP system and for

each conventional competing system, countries selected measures that reflect
the criteria used to select new heating and cooling systems in each market

segment. The most common criteria were:

* Initial or first cost: capital cost of the system plus installation cost;

the cost of the heat or cold air distribution system was included where the

system was not the same for all competing systems. Most countries adjusted

costs to reflect government subsidies, if any. Rather than trying to achieve

accuracy in total installation cost estimates, which was often impossible

because of the very large uncertainty affecting AHP cost estimates, national
teams made a special effort to impose consistency on installations cost in

each market segment and from one technology to another.



Table 4 - 3

REPRESENTATIVE HEATING SEASON PERFORMANCE FACTORS (SPF) OF ADVANCED HEAT PUMPS

Small Medium Large

Country 2 4 7 9 13 14 15/18 4a 5 7 8 13 15/18 16 3 5 6

Austria 1,3 2,9 1,3 1,2 3,1

Belgium 1,25 1,25 3,37 1,29 1,29

Canada 1,00

Denmark 2,1 1,59 1,2 2,52 1,9

Germany 1,38 1,39 3,74 1,10 1,18

Italy 1,3 1,2

Japan 1,27 1.33 2,14 1,18 1,84 2,14

Netherlands 1,19 1,35 1,3 0,87 1,01 1,33

Spain 1,32 3,34 3,36 1,17

Sweden 1,1 2,76 3,36 0,85

Switzerland 1,158 1,183 1,11 1,42

United Kingdom 1.32 1,35 0,46 1,15 3,25 1,48 1,25

UnitedStates 1,02 1,232 0,807 1,108 2,381 1,081 1,282 1,084 0,994



4-13

* Life-cycle cost: the capital cost plus the "present value" of the total

energy and maintenance costs to be expected over the lifetime of the system.

Countries judged the relative importance of these criteria to decision makers,

as shown in Table 4-4. The importance of first cost has been calculated

separately from the importance of all other criteria (i.e., life-cycle costs,

annual energy costs, and payback period), a key distinction for the market

estimates. The technical approach assumes that the demand for heating and

cooling installations in a given market segment will be met by the technically

feasible conventional or AHP system ranking first on the associated decision

criterion. Very often, conventional systems rank first on first cost but

behind one or more AHP systems on other, longer-run, criteria. Broadly

speaking, those countries with the least preoccupation with first cost (e.g.,

Denmark, Switzerland, Germany, Sweden) demonstrate good market penetration by

heat pumps. Those most interested in first cost (e.g., Italy, the Netherlands,

the United States) show smaller markets, at least in terms of market share.

The allocation of heating and cooling installations to conventional and AHP

systems according to economic performance and decision criteria gives the

economic potential for AHPs, the market that AHP systems would have if these

factors alone determined the choice of system. In practice almost all the

countries reduced these estimates to take account of other factors that are

difficult to capture in the technical limitations or the economic calculations.

Such factors included:

* The reluctance of consumers to purchase AHP systems until the technology

has become familiar and experienced supply/installation, and service

networks are established.

* The reluctance of consumers to take the extra time to install an AHP

system for replacement applications. He will be strongly tempted to

install another conventional system and return heat to the building as

soon as possible.

* Institutional or economic constraints that cannot fully be incorporated

in earlier steps of the analysis. Detailed discussion of these is contained

in Volume 3.

* Supply constraints on the availability of new AHP systems.

In practice, many of the countries used diffusion or market penetration curves

to simulate these effects. The result of applying these additional factors

was the implementation potential, the most likely estimate of AHP potential.



Table 4 - 4

IMPORTANCE OF DECISION CRI-ERIA IN NEW CONSTRUCTION MARKET
a

(%)

Single Family Multifamtly I Multifamily II

Life-Cycle Cost, Life-cycle Cost, Life-cycle Cost,
Annual Energy Cost, Annual Energy Cost, Annual Energy Cost,

Country Initial Cost and/or Payback Period Initial Cost and/or Payback Period Initial Cost and/or Payback Period

Austria 5o 5o 50 5o 3o 7o

Belgium 75 25 67 33 20 80

Canada 25 75 40 60 NA NA

Denmark 0 100 10 90 10 90

Germany 40 60 NA NA 70 30

Italy 60 40 60 40 0 100

Japan 75 25 75 25 75 25

Netherlands 40 60 50 50 50 50

Spain
c

25 75 45 55 35 65

Sweden 45 55 45 55 30 70

Switzerland 0 100 0 100 0 100

United Kingdom 50 50 75 25 NA NA

United States 80 20 60 40 50 50

a. Same criteria weightings apply in retrofit market, except in Austria, Belgium, Germany, Sweden, and the United States.

b. Criteriy weightings also estimated for block central and district heating.

c. 1996 - 2000
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4.3. Market Estimates by AHP System

Twenty-one AHP systems were initially selected for analysis in the market
study, based on the interests of the participating countries and on a general
awareness of current research developments. Because not enough of the data
needed for both the technical and market studies were available for all
21 systems, the number of systems analyzed was reduced to 15 (see Tables 2-1
and 4-5). The following systems were eliminated from the market study:

* Ground-source absorption (AHP 1)

* Solar-powered absorption (AHP 10)

* Gas-powered absorption with solar assist (AHP 11)

* Solar-driven organic Rankine cycle (ORC) (AHP 12)

* Steam-turbine-driven heat pump, with air-heat source (AHP 17)

* Organic Rankine cycle, with seawater heat source (AHP 18).

To ensure consistency between the market study and technical survey, RPA
and Battelle agreed on detailed cost and performance data for the remaining
systems. Profiles of each system were compiled and distributed to the
participants.

Each country then selected system profiles for analysis, matching profiles
against its energy situation, available fuels, building stock, and climate.
This selection amounted to a preassessment of the system most likely to succeed
in each market. However, limited study resources forced some participants to
consider less than the full number of systems that could in fact compete in the
markets in those countries.

Seven systems appear to have the greatest market potential, and seven have
limited or insignificant market shares. In the first part of this chapter, we

describe AHP systems 2, 4, 5, 9, 13, 14, and 15/18 in detail. These systems,
selected for analysis by more than one country, demonstrate the most market
potential. In the remainder of this chapter, we briefly explain why AHP
systems 3, 4a, 6, 7, 8, 16, 19, and 20 have no significant market potential.

4.3.1. Systems with Greater Market Potential

4.3.1.1. AHP 2: Absorption System

Technical Potential

AHP 2, which will be introduced in 1985-1986, is an absorption unit.
Version 2a offers heating and cooling; version 2b offers heating only. The
impact of the system's technical characteristics on its technical potential
market is shown in Table 4-6. The system technically applicable in all
countries and was analyzed by more countries than any other system.



Table 4 - 5

AHP Profiles Analyzed by Notional Market
Study Teams: Technical and Market Characteristics

Year of Heat Pump Drive Thermal
AHP Profile Introduction Cycle Type Fuel Heat Source Output (kW) Market Segment*

1 Absorption Direct Oil, gas Ground 3 - 4 SF, MF I

2a 1985 - 1986 Absorption Direct Oil, gas Ambient air 3 - 20 SF, MF I

2b 1985 - 1986 Absorption Direct Oil, gas Ambient air SF, MF I

3 1981 Absorption Steam boiler Oil, gas Wostewater 2,000 MF II, district

4 1982 Rankine Diesel Oil Ambient air 10 - 20 SF, MF I

4a 1980 Rankine Diesel Oil Soil 400 MF II

5 Before 1985 Rankine Diesel Oil Ambient air 100 - 6,000 MF II, district

6 1981 Ranine Diesel Oil Sewage 2,000 MF II

7 1980 Rankine Otto Gas Ambient air 10 - 400 SF, MF II

8 1981 Rankine Otto Gas Air / ground / 400 MF II

surface water

9 1983 Rankine Stirling Oil, gas Air / ground 3- 20 SF, MF I

surface water

10 Absorption - Solar - Solar 15- 20

11 Absorption Solar Gas Boom air 3-4

12 Rankine Rankine Solar Boom air 3-4

13 1980 Rankine Motor Electricity Ground 3 -1,000 SF, MF I, MF II

14 1985 Absorption Direct Gas Ambient air 10 - 20 SF, MF I

15/ 18 1985 Rankine Rankine Oil, gas Ambient air 10 - 400 SF, MF I, MF II

16 1985 Rankine Brayton Oil, gas Ambient air 50 MF II

17 Rankine Rankine Oil, gas Ambient air 50 MF II

18 Rankine Rankine Oil, gas Sea water 400

19 1982 Absorption Direct Kerosene Wastewater 2,000 District

20 1982 Absorption / Motor Electricity Wastewater 2,000 District

Rankine

* SF Single family houses

MF I = Individually heated apartment units

MF II = Apartment units In centrally heated buildings

District = District heating
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Table 4-6

TECHNICAL CHARACTERISTICS OF AHP 2

Technical Characteristic Impact

Working fluid: organic No impact

Fuel: natural gas or oil No impact

Heat source: air No impact

Distribution system: water or air No impact

Thermal output: 10-20 kW Limits application to single-family and
multifamily I market segments
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Economic Potential

Different cost and performance data sets were prepared for both versions

of AHP 2. The price of version 2a, a heating and cooling system, was esti-

mated by the manufacturers to be rather low (e.g., 5,000 DM for 20-kW output),

compared to the estimated cost of version 2b, a heating-only unit (8,000 DM

for the same heat output).

The heating and cooling version (2a) was evaluated in the U.S. and Japanese

markets only. The heating-only version (2b) was also evaluated by the U.S.

team, which reduced the estimated cost of version 2b to approximately 4,500 DM

(for 20-kW output) to make it more consistent with national conditions.

Economic potential is summarized in Table 4-7.

Although AHP 2 requires no backup boiler, its high initial cost generally

limits its economic potential. Initial cost is often the major criterion used

by potential purchasers. Both conventional heating technologies, including

electric heat pumps, and several advanced technologies (e.g., advanced boilers

or furnaces, AHPs 9, 14, 15/18) have a lower initial cost.

This system has a high potential in countries such as Germany and Sweden,

where the cost of conventional systems (e.g., oil boilers) is relatively high.

It also penetrates the market in the United States, but only in that part of

the market that uses life-cycle cost as a decision criterion.

Twelve countries evaluated the potential of AHP 2. In Belgium, the initial

cost of the system is too high (by 3,000 DM) to allow a penetration of the

market. Alternatively, its seasonal performance factor (SPF) should be

increased to 1.5 and more.

In Canada, AHP 2 captures 42 percent of the market in the period 1986-1995,

with major installations occurring in new construction. However, competition

with advanced gas furances was not considered, which would reduce this share.

In the 1996-2000 period, relatively low electricity tariffs will make the

conventional electric heat pump very competitive, thus reducing AHP 2's share

to 18 percent.

In Denmark, AHP 2 could perform well in the single-family market, as it does

in Germany and Sweden, unless advanced gas boilers appear to be economically

superior on energy cost or payback-period criteria.

In Germany, AHP 2 could represent half of all heating and cooling installations

from 1986, on economic factors alone. With a cost reduction of 3,000 DM, the

market potential could be 100 percent. In the first period after introduction,

one-fifth of all AHP 2 installations would be gas units; this proportion

becomes one-third in 1996-2000, as the gas network is extended. In Germany,

62 percent of all AHP 2 installations will be made in existing buildings, a
large proportion of which will be replacements of conventional heat generators

in centrally heated single-family houses.

In Italy, Japan, the Netherlands, and the United Kingdom, AHP 2 is not competi-

tive with other systems and has no chance to enter the market. Cost reductions
achieved through R&D efforts or subsidies would increase its market share.
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Table 4-7

ECONOMIC POTENTIAL OF AHP 2
AVERAGE ANNUAL INSTALLATION (000) AND MARKET SHARE (%)

Country/ Market 1986-1990 1996-2000
System Segment (Market Share) (Market Share)

AHP 2a (H/C)

Japan SF, MFI -

United States SF, MFI 180 (3.4%) 208 (4.1%)

AHP 2b (H)

Austria SF Not evaluated; potential will be lower
than AHP 14.

Belgium SF -

Canada SF 73 (42%) 29 (18%)

Denmark SF Not evaluated; potential could be large.

Germany SF 174 (44%) 191 (48%)

Italy SF -

Netherlands SF -

Spain SF, MFI -

Sweden SF 11 (23%) 10 (24%)

Switzerland SF 1 (1%) 7 (8%)

United Kingdom SF -

United States SF, MFI 84 (1.6%) 112 (2.2%)

TOTAL 523 557
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In Spain, restrictions on the use of oil and the national team's assumption

of rising electricity prices allow AHP 2 to enter the market in the period
1991-1995, although it is more expensive than competing systems. The Spanish

market share held by AHP 2 in the period 1996-2000, however, is only 6 percent.

In Sweden, AHP 2 takes a large part of the market in single-family houses

heated by individual central water systems. The economic potential stays
around 10,000 units during the 1986-2000 period (25 percent of the market).

In Switzerland, it was estimated that AHP 2 has an economic potential of approx-

imately 1,000 units in the period 1986-1990. This potential will increase to
7,000 units by the 1996-2000 period.

In the United States, heating-only and heating and cooling installations of

AHP 2 will capture 5 percent of the total single-family and multifamily I

markets in 1986-1990. AHP 2 systems will account for 84,000 heating-only

installations and 180,000 installations of heating and cooling units. This

potential is strongly limited by the minor importance of life-cycle cost

in the decision process used by purchasers. From 1986-2000, AHP 2 will have

an economic potential of 351,000 units (6 percent of the market).

Implementation Potential

The implementation potential of AHP 2 was analyzed in Canada, Germany,

Sweden, and the United States, the four major countries with significant

economic market potential for this system.

In Sweden, AHP 2 must be produced domestically to meet climatic conditions and

Swedish standards. Manufacturers' capacity will therefore limit market penetra-

tion of AHP 2 for the first 5 years after its introduction (1986-1990). Other

possible constraints, such as lack of consumer acceptance or limited numbers of
installers and maintenance companies, will not affect its diffusion during this

period. AHP 13, introduced earlier on the market, will be affected by these

factors.

In Germany, Canada, and the United States, diffusion rates were derived from

those observed for similar heating technologies in the past. The implementa-

tion potentials for AHP 2 in these four countries are compared in Table 4-8.

4.3.1.2. AHP 4: Diesel Rankine System

Technical Potential

AHP 4, introduced in 1982, is a Diesel Rankine unit used for heating only.

The impact of the system's technical characteristics on its technical potential

market is summarized in Table 4-9.

This system was analyzed by Austria, Belgium, Germany, Switzerland, the United

Kingdom, and the United States. Although it is technically applicable in most

other countries, it was not analyzed for various reasons. For example, low

natural gas prices in Canada and the Netherlands prevent it from being econom-

ically competitive.
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Table 4-8

IMPLEMENTATION POTENTIAL OF AHP 2:
AVERAGE ANNUAL INSTALLATION (000) AND MARKET SHARE (%)

Cumul-
1981-1985 1986-1990 1991-1995 1996-2000 ative

Country/ Market (Market (Market (Market (Market Sales
System Segment Share) Share) Share) Share) 2000

AHP 2a (H/C)

United
States SF, MFI 0 80.0 (1.5%) 191.0 (3.3%) 208.0 (4.1%) 479

AHP 2b (H)

Canada SF 0 3.5 (5%) 8.8 (12%) 15.7 (21%) 28

Germany SF 0 5.8 (3%) 13.6 (6%) 26.2 (13%) 230

Sweden SF 0 3.5 (8%) 10.2 (24%) 10.0 (24%) 24

United
States SF, MFI 0 37.0 (0.7%) 72.0 (1.2%) 112.0 (2.2%) 221

TOTAL 153.0 350.0 479.0 982
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Table 4-9

TECHNICAL CHARACTERISTICS OF AHP 4

Technical Characteristic Impact

Working fluid: R12 No impact

Fuel: oil No impact

Heat source: air No impact

Distribution system: water Prevents retrofit application where

existing system is air

Thermal output: 10-20 kW Limits application to single family

and multifamily I segments
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Economic Potential

The installed cost of AHP 4 is 7,000 DM for 10- to 12-kW output and

9,000 DM for 15- to 20-kW output, which is relatively higher than competing

AHP systems 2, 9, 13, 14, and 15/18. In addition, AHP 4 requires a gas- or

oil-fired boiler as a backup system. Larger Diesel-driven heat pumps (e.g.,

AHPs 4a and 5) are relatively less expensive, indicating that Diesel-driven

heat pumps generally benefit from economies of scale.

The system captures market share over the period 1982-2000 only in the United

Kingdom and Switzerland. In both countries it is more expensive than competing

conventional systems and does not rank first on a life-cycle cost basis. Even

so, the United Kingdom assumed that AHP 4 could capture 10 percent of the

portion of the single-family and multifamily I segments where gas is not

available and life-cycle cost is used as a decision criterion. In Switzerland,

where life-cycle cost is the only decision criterion used, experts assumed that

AHP systems would gain some market share.

In Belgium, Germany, and the United States, AHP 4 penetrates the market for the

first few years after its introduction, but disappears after AHPs 2 and 15/18

are introduced. It does not penetrate the market at all in Austria, where its

initial cost differential over competing conventional and AHP systems is too

high to be compensated by energy savings. As a result, AHP 4 is economically

competitive only on the basis of life-cycle cost or payback period. The

economic potential market of AHP 4 in the United Kingdom and Switzerland is

summarized in Table 4-10.

Implementation Potential

The implementation potential of AHP 4 was estimated by the United Kingdom,

assuming 6 years for full consumer acceptance of such a new technology (see

Table 4-11).

4.3.1.3. AHP 5: Diesel-Rankine System

Technical Potential

AHP 5, introduced by 1985 or possibly earlier, is a Diesel Rankine unit.

It is used for heating only, but could be designed for cooling. The impact

of the system's technical characteristics on its technical potential market

is summarized in Table 4-12.

The technical potential for AHP 5 was analyzed by national teams in Austria,

Denmark, Italy, Sweden, and the United States. It is too large to be appli-

cable in most other countries, although Switzerland uses large systems for

district heating. However, AHP 5 was not considered by Switzerland because

of its low water-delivery temperature.

Economic Potential

The unit cost of AHP 5 with an output of 800 kW is approximately

200,000 DM. An existing fossil fuel-fired boiler is required as a backup

system. The economic potential market for AHP 5 is shown in Table 4-13.
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Table 4-10

ECONOMIC POTENTIAL OF AHP 4:

AVERAGE ANNUAL INSTALLATIONS (000) AND MARKET SHARE (%)

Market 1986-1990 1996-2000

Country Segment/Use (% Market Share) (% Market Share)

United Kingdom SF, MFI where gas is 20.2 (4%) 17.4 (4%)

not available/heating

Switzerland SF/heating 2.2 (6%) 7.0 (17%)

TOTAL 22.4 24.4
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Table 4-12

TECHNICAL CHARACTERISTICS OF AHP 5

Technical Characteristic Impact

Working fluid: R12 No impact

Fuel: Diesel oil No impact

Heat source: air No impact

Distribution system: water Prevents retrofit application where

existing system is air

Thermal output: 200 kW to Limits application to multifamily II

several MW segment and block centrals,

district heating
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Table 4-13

ECONOMIC POTENTIAL OF AHP 5:

AVERAGE ANNUAL INSTALLATIONS (000) AND MARKET SHARE (%)

Market 1986-1990 1996-2000

Country Segment (Market Share) (Market Share)

Austria MFII 12.0 (18%) 14.0 (21%)

Denmark MFII 0.11 (18%) 0.3 (51%)

BC, DH 0.83 (55%) 0.85 (54%)

Italy MFII 0 0

Sweden BC 0.213 (55%) 0.287 (53%)

DH 0.005 (87%) 0.005 (87%)

United States MFII 0.5 (1.6%) 0.4 (1%)

TOTAL 13.68 15.83
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AHP 5 has significant economic potential in Austria, Sweden, and Denmark. In

the Austrian market for medium-sized systems, it ranks below AHP 13 on life-

cycle cost and payback period criteria, but captures that portion of the market

where AHP 13 is not technically applicable. Over the period 1981-2000, AHP 5

captures approximately 42 percent of the multifamily II new construction market

and 10 percent of the retrofit market. In Sweden, the 1-MW AHP 5 captures

50-55 percent of the block central heating market, as a result of its good

ranking on life-cycle cost and payback period criteria. The 10-MW AHP 5

captures approximately 87 percent of the small-size district heating system

market; on the average, however, this share corresponds to only 2 percent of

the capacity installed in district heating systems each year.

The system does not have significant economic potential in the United States

and Italy. Because it is used for heating alone, it captures only a small

portion of the market in the United States, which has a large demand for both

heating and cooling. In addition, the system ranks first only on the criterion

of life-cycle cost, which is not considered by most American consumers. AHP 5

captures no market share in Italy, where its initial cost is relatively high

and its high maintenance costs offset energy savings over the system's life.

In Denmark, the medium-size AHP 5 captures approximately half of the multi-

family II market, and the large version half of the district heating system

market in the period 1996-2000. AHP 5 as a whole capture 80-90 percent of

the total market for medium and large systems in Denmark. AHP 5 is not

as economically competitive as other AHP systems; however, its widespread

technical applicability allows it to capture some market share.

Implementation Potential

The implementation potential of AHP 5, analyzed by Denmark, Sweden, and

the United States, is shown in Table 4-14. By the year 2000, about 10,700

medium-size units will be installed in Denmark and the United States, and about

10,960 large units in Denmark and Sweden.

4.3.1.4. AHP 9: Stirling-Rankine System

Technical Potential

AHP 9, introduced in 1983, is a Stirling/Rankine unit used for both heat-

ing and heating/cooling. The impact of the system's technical characteristics

on its technical potential market is illustrated in Table 4-15.

AHP 9 was analyzed only by national teams in Japan, the Netherlands, the United

Kingdom, and the United States; even though the system is applicable in other

countries, including Sweden. AHP 9 uses an air distribution system, whereas

existing distribution systems are primarily water. As a result, AHP 9 has

limited technical applicability in the retrofit market. In addition, Canada

felt the system was not economically competitive and that low natural gas

prices would decrease the likelihood of its use.
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Table 4-14

LYPLEMENTATION POTENTIAL FOR AHP 5:
AVERAGE ANNUAL INSTALLATIONS (000)

Country/System 1986-1990 1991-1995 1996-2000

Medium system:

Denmark 0.55 0.205 0.3

United States 0.48 0.42 0.41

Large system:

Denmark 0.42 0.84 0.85

Sweden 0.028 0.09 0.242
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Table 4-15

TECHNICAL CHARACTERISTICS OF AHP 9

Technical Characteristic Impact

Working fluid: R22 No impact

Fuel: natural gas or oil No impact

Heat source: air No impact

Distribution system: air Prevents retrofit application where

existing system is water

Thermal output: 10-20 kW Limits application to single-family

and multifamily I segments
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Economic Potential

The installed cost of AHP 9 with an output of 15-20 kW is 5,000 DM.
In addition, a natural gas or oil boiler is required as a backup system. The
economic potential market of AHP 9 in Japan and the United States is shown in
Table 4-16.

AHP 9 captures significant market share only in Japan, where an oil-fired
configuration was analyzed. It ranks first above competing conventional
systems and AHPs 2 and 15/18 on the basis of initial cost and payback period,
capturing 100 percent of the single-family and multifamily market segment
where heating and cooling is required (over half of the total single-family,
multifamily I market segments). However, since Japan assumed an unusally low
initial cost, market potential for AHP 9 may have been overestimated.

In the United States, where a gas-fired configuration was analyzed, the system
captures a small portion of the market in the first few years after its intro-
duction, but disappears from the market after AHPs 2 and 15/18 are introduced.

In both the Netherlands and the United Kingdom where gas-fired configurations
were analyzed, AHP has no significant economic penetrations. In the Nether-
lands, it ranks below conventional systems but above other advanced systems
(AHPs 2, 14, and 15/18) competing in the single-family market segment. In the
United Kingdom, AHP 9 ranks below competing conventional systems as well as
AHPs 14 and 15/18, which do capture market share.

Implementation Potential

Japan analyzed the implementation potential of AHP 9, assuming it would
be a percentage of economic potential, as shown in Figure 4-2. Using this
market penetration rate, approximately 2.5 million units will be installed in
Japan (by 2000). Table 4-17 shows average annual installations over the period
1986-2000.

4.3.1.5. AHP 13: Electric/Rankine System

Technical Potential

AHP 13 is an electric motor/Rankine unit used for heating only. One
version of this system, which will be introduced between 1982 and 1985, uses
vertical ground coils as a heat source. The other version, introduced in 1980,
uses horizontal ground coils. The impact of the system's technical character-
istics on its technical potential market is summarized in Table 4-18.

AHP 13 was analyzed in the majority of countries, including Austria, Belgium,
Denmark, Germany, Japan, Spain, Sweden, the United Kindgom, and the United
States. Although, it is technically applicable in Italy and Switzerland,
it was not analyzed in these countries. In Canada and the Netherlands, the
system was not analyzed because electricity prices are relatively higher than
those of natural gas.
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Table 4-16

ECONOMIC POTENTIAL OF AHP 9:

AVERAGE ANNUAL INSTALLATIONS (000) AND MARKET SHARE (%)

Market 1986-1990 1996-2000
Country Segment/Use (Market Share) (Market Share)

Japan SF, MFI/H & C 83.3 (46%) 250.1

United States SF, MFI/H & C 1.3 (0.02%) 0

TOTAL 84.6 250.1
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Table 4-17

IMPLEMENTATION POTENTIAL OF AHP 9:

AVERAGE ANNUAL INSTALLATIONS (000) AND MARKET SHARE (%)

Country 1986-1990 1991-1995 1996-2000

Japan 66.6 (37%) 140.6 (45%) 250.1 (53%)
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Table 4-18

TECHNICAL CHARACTERISTICS OF AHP 13

Technical Characteristic Impact

Working fluid: R22 No impact

Fuel: electricity No impact

Heat source: ground Prevents application where adequate
ground area is not available;
important barrier for version using
horizontal ground coils, as an area
of approximately 200 m

2
is

required for a single-family system;
vertical-coil system can be used
only where ground is clay

Distribution system: water or air No impact

Thermal output: 3-100 kW No impact; application in all
market segments
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Economic Potential

The installed cost of AHP 13 with 10- to 12-kW output is approximately

13,000 DM, relatively higher than that of competing AHP systems (e.g., small

AHPs 2, 4, 9, 14, and 15/18; medium AHPs 5 and 15/18). In addition, an

electric resistance backup system is required.

The small AHP 13 (used in individually heated housing units) was analyzed in

all countries, but gains significant market share only in Japan, Sweden, and

Denmark. In Japan, it ranks first on payback period and captures the portion

(25 percent) of the market in heating-only regions that uses payback period

as a decision criterion. The competing conventional oil boiler ranks first

on initial cost, and captures the remaining 75 percent of that market.

In Sweden, AHP 13 captures approximately 13-14 percent of the single-family

market. It loses market share to AHP 2 on the basis of payback period, but

ranks well on the criterion of life-cycle cost. Limitations on its technical

applicability further reduce its economic potential market.

In Denmark, AHP 13 captures 38-50 percent of the single-family market, because

heating-systems purchasers are highly sensitive to energy costs and payback

period and electricity is relatively less expensive than oil. As in Sweden,

AHP 13's potential in Denmark is somewhat constrained by its limited technical

applicability.

In the remaining countries, the small version of AHP 13 does not capture

significant market share. In Germany, it captures only 1 percent of the single-

family market, primarily because of its high initial cost and consumer reluc-

tance to install electric heating systems.

In Belgium, AHP 13 captures market share in the first few years after its

introduction, but loses share when AHP 15 is introduced. In Austria, Spain,

the United Kingdom, and the United States, the system is too expensive and

seems to have no market potential.

The medium AHP 13 system (used in centrally heated buildings) was analyzed

in Austria, Denmark, Japan, Spain, and Sweden, and gains market share in all

of these countries except Spain. In Austria, it captures about 15 percent

of the multifamily iaw construction market and 25 percent of the multifamily

retrofit market over the period 1986-2000. It ranks first on life-cycle cost

and payback period, but requires a large ground area, which limits its tech-

nical, and thus economic, potential markets.

In Denmark, AHP 13 captures 25 percent of the multifamily II market over the

period 1981-2000. The percentage is somewhat lower in the early years (approx-

imately 13 percent) and higher in the later years (40 percent), because

it ranks well on the criterion of life-cycle cost by 1981, and well on the

basis of both life-cycle cost and payback period by 1991. Limitations on its

technical applicability reduce its economic potential market.

In Japan, like the small version of AHP 13, the medium-sized version ranks

first on payback period and captures 25 percent of the multifamily II market

segment in heating-only regions. Again, the competing conventional oil boiler

captures the remaining 75 percent of the market that uses initial cost as a
decision criterion.



4-37

In Sweden, AHP 13 captures approximately 15 percent of the multifamily market,
but its economic potential is constrained by its limited technical applica-
bility. In Spain, both sizes of AHP 13 are too expensive and have no economic
potential.

A large version of AHP 13 (used in block central and district heating) was
analyzed by Sweden and Denmark. In Sweden, this version gains only a small
portion of the block-central market, because AHP 5 ranks above it on life-cycle
cost and payback period, the decision criteria used in this segment. In
Denmark, it gains only 10 percent of the district heating market, due to severe
limitations on its technical applicability. Economically, the system ranks
first on life-cycle cost, the only decision criterion used in this segment.

The economic potential market for AHP 13 is summarized in Table 4-19.

Implementation Potential

The implementation potential of AHP 13 was analyzed by Germany, Japan, and
Sweden. The results are shown in Table 4-20. By 2000, approximately 537,000
small systems, 2,300 medium systems, and 286 large.systems will be installed.

4.3.1.6. AHP 14: Absorption System

Technical Potential

AHP 14, introduced in 1985, is an absorption unit used for both heating
and cooling. The impact of the system's technical characteristics on its
technical potential market is summarized in Table 4-21.

AHP 14 was analyzed by national teams in Austria, the Netherlands, and the
United Kingdom. It is also technically applicable in Canada, Italy, and
Switzerland, but was not analyzed in these counties. AHP 14 is not technically
applicable in the remaining market study countries, which restrict the use of
ammonia as a working fluid and prefer AHP 2, a similar system using an organic
working fluid.

Economic Potential

The initial cost of AHP 14 is relatively lower than that of competing
AHP systems 2, 4, 9, 13, and 15/18, although still higher than competing
conventional systems. The cost of a unit with 10- to 12-kW output is approx-
imately 4,000 DM; a unit with 15- to 20-kW output costs approximately 7,000 DM.
No backup system is required.

The system performs well in Austria, where the initial cost of competing
conventional systems is relatively high. It ranks first on payback period
and, over the period 1986-2000, captures 50 percent of the single-family new
construction market and approximately 20 percent of the single-family retrofit
market. It gains no market share in the Netherlands, however, because of the
relatively lower initial cost of competing conventional and advanced conven-
tional boilers.
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Table 4-19

ECONOMIC POTENTIAL OF AHP 13:

AVERAGE ANNUAL INSTALLATIONS (000) AND MARKET SHARE (%)

Country/ Market 1986-1990 1996-2000

System Segment/Use (Market Share) (Market Share)

Small system:

Austria SF/heating 0 0

Belgium SF, MFI/heating 0 0

Denmark SF/heating 30 (41%) 25 (51%)

Germany SF/heating 4 (1%) 4 (1%)

Japan SF, MFI/heating 24 (13%) 56 (12%)

Spain SF/heating - -
Sweden SF/heating 5.5 (13%) 5.8 (14%)

United Kingdom SF, MFI/heating 0 0

United States SF, MFI/heating 0 0

TOTAL 63.5 90.8

Medium system:

Austria MF/heating 20 (30%) 20 (30%)

Denmark MFII/heating 0.08 (13%) 0.23(40%)

Japan MFII/heating 0.2 (13%) 0.5 (12%)

Spain MFII/heating - -
Sweden MF/heating 0.1 (14%) 0.02(16%)

TOTAL 20.38 20.75

Large system:

Denmark 0.15 (10%) 0.16(10%)
Sweden Block central/ 0.09 (22%) 0.1 (22%)

neating

TOTAL 0.24 0.26
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Table 4-20

IMPLEMENTATION POTENTIAL OF AHP 13
AVERAGE ANNUAL INSTALLATIONS (000)

Country/System 1986-1990 1991-1995 1996-2000

Small system:

Germany* 0.5 0.8 1.2

Japan 16.7 31.5 50.4

Sweden 5.5 5.9 5.8

Medium system:

Japan 0.17 0.32 0.46

Sweden 0.11 0.07 0.02

Large system:

Sweden 0.06 0.09 0.11

* Slow penetration rate.
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Table 4-21

TECHNICAL CHARACTERISTICS OF AHP 14

Technical Characteristic Impact

Working fluid: ammonia/water Prevents application in countries

where the use of ammonia is

restricted

Fuel: natural gas Limits application to the portions

of a country where natural gas
connections are available

Heat source: air No impact

Distribution system: water or air No impact

Thermal output: 10-20 kW Limits application to single-family

and multifamily I market segments
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In the United Kingdom, where competing conventional systems are also initially

less expensive, the national team assumed that AHP 14 could capture approxi-
mately 30 percent of the portion of the SF and MFI market segments where

natural gas is available and that use life-cycle cost as a decision criterion.
The economic potential market for AHP 14 in Austria and the United Kingdom is

shown in Table 4-22.

Implementation Potential

The implementation potential of AHP 14 was analyzed only by the United
Kingdom, which assumed that it would take 6 years after introduction for full

consumer acceptance of a new technology. During this period, its implemen-

tation potential as a percentage of economic potential would be as follows:
10 percent in year 1, 20 percent in year 2, 30 percent in year 3, 50 percent

in year 4, 75 percent in year 5, and 90 percent in year 6. Starting in

year 7, implementation potential would be 100 percent of economic potential.

By the year 2000, approximately 1.5 million units will be installed in the

United Kingdom.

4.3.1.7. AHP 15/18: ORC System

Technical Potential

AHP 15/18, introduced in 1985, is an organic Rankine/Rankine unit used for

both heating and heating/cooling. The impact of the system's technical charac-

teristics on its technical potential market are summarized in Table 4-23. The

system is technically applicable in all countries. It was analyzed by national

teams in Belgium, Germany, Japan, the Netherlands, Switzerland, the United

Kingdom, and the United States.

Economic Potential

The target installed cost of a small AHP 15/18 with output of 10-12 kW is

approximately 5,700 DM. Medium and large versions with 20 kW output or more

cost approximately 500 DM/kW. In addition, an auxiliary boiler is required as

a backup system.

The small system (used in individually heated housing units) was analyzed by
a number of market study countries. It has significant economic potential
only in Belgium, Germany, and the United Kingdom. In Belgium, the oil-fired
configuration ranks above competing conventional and oil boilers and AHPs 2,

4, and 13 on payback period, allowing it to capture 30 percent of the market

for small systems by 1996-2000.

In Germany, the oil-fired configuration ranks first on the basis of initial
cost for new and modernization applications, allowing it to capture 12 percent
of the small-systems market by 1996-2000. However, it is outranked by the
competing conventional oil boiler on the basis of initial cost for replacement
applications and by AHP 2 on the basis of energy cost (the only other decision

criterion used in Germany) for all applications. The gas-fired configuration
gains a small market share over the period 1985-1990, ranking well on the basis
of energy cost. However, after 1990, AHP 15/18 has no market potential in
Germany, losing to the competing AHP 2.
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Table 4-22

ECONOMIC POTENTIAL OF AHP 14

Average Annual Installations (000) And Market Share (%)

Country/ Market 1986-1990 1996-2000

System Segment/Use (Market Share) (Market Share)

Austria SF/heating 9 (24%) 12 (30%)

United Kingdom SF, MFI where gas is 142 (12%) 134 (13%)

available/heating

Total 151 146
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Table 4-23

TECHNICAL CHARACTERISTICS OF AHP 15/18

Technical Characteristic Impact

Working fluid: various No impact

Fuel: natural gas or oil No impact

Heat source: air No impact

Distribution system: water or air No impact

Thermal output: 10 kW and up No impact; applicable in all
market segments
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In the United Kingdom, the gas-fired configuration captures 4 percent of
the market where natural gas is available by 1996-2000. It ranks relatively
well on life-cycle costs, and the British study team assumed it could capture
10 percent of the portion of the market using life-cycle cost as a decision
criterion.

The system does not attain significant economic potential in other countries.
In the United States, the oil-fired configuration gains only a small portion
(less than 1 percent) of the market for small systems over the period 1985-1990.
After 1990, it gains no market share, losing to AHP 2. In Japan and the
Netherlands, AHP 15/18 has no economic potential market because of its poor
performance and high initial cost.

The medium system (used in centrally heated buildings) was analyzed in Belgium,
Germany, Switzerland, and the United States, and captures market share in each.
In Belgium, the oil-fired configuration ranks first on the basis of payback
period, allowing it to capture 38 percent of the multifamily II market by
1996-2000.

In Germany, AHP 15/18 wins the portion of the multifamily market that uses
energy cost as a decision criterion, capturing 15 percent (oil-fired) and
11 percent (gas-fired) by 1996-2000. Competing conventional oil and gas
systems rank first on initial cost.

In Switzerland, the AHP 15/18 systems rank relatively well on life-cycle cost,
the only decision criterion used, and capture 16 percent of the multifamily II
market by 1996-2000.

The system also ranks well on life-cycle cost in the United States, which uses
primarily the gas-fired configuration, and it captures 4-5 percent of the total
multifamily II market during 1986-2000. In the multifamily II market requiring
heating/cooling systems, it achieves 10-percent market share over the same
period. The economic potential markets for both small and medium AHP 15/18
configurations in the seven market study countries that analyzed it are listed
in Table 4-24.

Implementation Potential

The implementation potential of AHP 15/18, analyzed by Belgium, Germany,
the United Kingdom, and the United States, is shown in Table 4-25.

4.3.2. Systems with Limited Market Potential

4.3.2.1. AHP 3: Absorption System

AHP 3 is a large absorption system for district heating applications. It is
powered by a steam boiler and uses wastewater as a heat source. Switzerland,
the only country to analyze this system, predicted a 16-percent share for it
in district heating applications.
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Table 4-24

ECONOMIC POTENTIAL OF AHP 15/18:
AVERAGE ANNUAL INSTALLATIONS (000) AND MARKET SHARE (%)

Country/ Market 1986-1990 1996-2000
System Segment/Use (Market Share) (Market Share)

Small system:

Belgium Heating 58.6 (28%) 61 (32%)

Japan Heating & cooling 0 0

Germany Heating oil 25 (6%) oil 48 (12%)

gas 20.4 (5%) gas 0

Netherlands Heating 0 0

United States Heating, 0.8 0
Heating & cooling 1.8 (0.05%) 0

United Kingdom Heating 47.3 (4%) 44.7 (4%)

Total 153.9 153.7

Medium system:

Belgium Heating 1.8 (44%) 1.8 (38%)
Germany Heating oil 36 (16%) oil 36 (15%)

gas 25 (11%) gas 28 (11%)

Switzerland Heating 2.4 (5%) 7.6 (16%)
United States Heating, 0.4 (1%) 0.3 (1%)

Heating & cooling 1.3 (4%) 1.1 (3%)

Total 66.9 74.8
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Table 4-25

IMPLEMENTATION POTENTIAL OF AHP 15/18:
AVERAGE ANNUAL INSTALLATIONS (000) AND MARKET SHARE (%)

Country/ Cumulative Total
System 1986-1990 1991-1995 1996-2000 1981-2000

Small system:

Belgium 5.24 (3%) 14.74 (7%) 25.41 (13%) 227
Germany' 2.8 (1%) 3.4 (1.6%) 10 (5%) 81.4
United Kingdom 25.3 (2%) 44.8 (4%) 44.7 (4%) 578.4
United States 2.6 (0.05%) 1.2 (0.02%) 0 19

Medium system:

Belgium 0.16 (3%) 0.46 (7%) 0.79 (13%) 7
Germany 0.26 (0.25%) 3.4 (3.6%) 4.6 (5.1%) 41.5
United States 0.67 (2%) 1.6 (4.5%) 1.4 (4%) 18.4

* Slow penetration rate.
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AHP 3 uses ammonia as a working fluid, which constrains the system's potential
market in countries that prohibit use of ammonia. A change to an organic
working fluid would remove this barrier. The system could then compete with
AHP 6 and 19 for district heating applications. In addition, a reduction of
minimum size (now 2 MW) could make AHP 3 applicable in multifamily II buildings.

4.3.2.2. AHP 4a: Diesel System

AHP 4a is a large Diesel-driven heat pump with soil heat source for multifamily
and district heating applications. For district heating, AHP 4a was analyzed
only in Denmark, where it compares poorly to AHP 5 (the Diesel heat pump with
air source) on economic grounds, and in Japan, where it loses to AHP 13.
AHP 4a was analyzed in Sweden for multifamily II applications and loses all its
potential market share to AHP 13, the electric soil-source heat pump. AHP 4a
appears to have too high a first cost and too low an efficiency to compete with
other AHP systems.

4.3.2.3. AHP 6: Diesel System

AHP 6 is a large Diesel-driven heat pump, using wastewater as a heat source
and intended for district heating applications. This system was studied only
in Denmark, where competition with other large AHPs (AHPs 5 and 13) and rather
limited technical applications (the AHP 6 requires connection to a wastewater
stream) reduce its potential. It is likely that the same results would occur
in other countries interested in district heating applications.

4.3.2.4. AHPs 7 and 8: Otto-Cycle System

AHPs 7 and 8 are Otto-engine-driven heat pumps using ambient air or ground-
water as a heat source and intended for application in single-family homes and
multifamily II buildings. These systems were analyzed only in the Netherlands
where, like all other AHP systems, they failed to gain any market share
against conventional technologies. Generally, their costs seem too high to
allow them to capture market share, even in countries with more favorable
conditions.

4.3.2.5. AHP 16: Brayton-Cycle System

AHP 16 is a Brayton-cycle-driven heat pump of approximately 50-MW capacity,
designed for multifamily II buildings and using an air heat source. Although
applicable in many countries, this system was studied only in the United
States. Due to high first cost, it generates a market only in the South,
which has both heating and cooling demand. But even there, conventional sys-
tems predominate. In other regions, AHP 16 is less attractive than AHP 15/18.
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4.3.2.6. AHPs 19 and 20: District Heat Absorption Systems

AHPs 19 and 20 are large absorption systems used for district heating appli-

cations. They were analyzed only by Japan, which considered AHPs 19 and 20

in competition for heating and cooling applications with other small systems

(AHPs 2, 9, and 15/18) in the single-family and multifamily I market segments.

In effect, the analysis by the Japanese market study team addresses the

question of installing district heating or relying on small systems. The

decision maker must chose between large and small systems, a choice not

considered by other countries.

AHPs 19 and 20 lose market share to AHP 9 for heating and cooling applications.

In a more complete analysis, it would be interesting to compare the competitive

position of AHPs 19 and 20 with other district heating systems, because it

seems unlikely that small AHPs will compete directly with large systems.
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5. Conclusions

5.1. General

The technology survey has shown that in the 13 participating

countries there is a large and extremely diverse R+D programme

covering most of the possible systems. Some degree of overlap

has been found, and although this may in certain circumstances be

wasteful it is generally more likely to result in healthy compe-

tition to develop successful products. The present situation of

heat pumps is that, following the stimulus of the first and cer-

tainly not last energy crisis of 1973, of a technology emerging

from many years of neglect. Certain aspects of this crisis, re-

cently re-emphasised by a further escalation in oil prices, the

response of the participating countries and the present state of

heat pump development form the background to the major R+D re-

commendations. These are -

(1) The continuing dependance on petroleum products, mainly light

oil, for the heating of buildings in the participating count-

tries. This is particularly significant for Belgium, Canada,

Denmark, Germany, Italy, Sweden and Switzerland, for which

countries oil is used for about one half or over the domestic

and commercial heating requirements.

(2) The predominant position of electric heat pumps (for both

heating and cooling) in the U.S. as replacement for fossil

fuel fired boilers or furnaces. The situation in W. Germany

is also developing in this direction because gas and oil fired

systems are not fully commercialised and the market is being

aggressively attacked by the electric heat pump manufacturers

and utilities.

(3) The first priority is at present to substitute for oil and

the second priority is the conservation of all forms of energy.

The electric heat pump as presently available and promoted

meets the first priority but only contributes to energy con-

servation when compared to electric heating. The development

of gas heat pumps can be attributed to both priorities, but
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dependance on gas could result in similar pressures as those

in the oil market.

(4) Most advanced heat pumps, with the present development pro-

grams, are not due to commercialisation until 1985 at the

earliest. Since they cannot be expected to make a significant

contribution rapidly, the possibility of achieving worthwhile

energy saving before 1990 appears low. By this time the ener-

gy supply situation could have changed dramatically (viz.,

the decade to 1980). The acceleration of the development pro-

grams of the systems with greatest.potential for each appli-

cation is desirable, even if in the short term their use would

not be justifiable solely on economic grounds.

(5) All the advanced heat pumps appear capable of conserving bet-

ween 30 % and 50 % energy. The best systems from this aspect

are the internal combustion engine driven ones.Many are capab-

le of operation on either liquid or gaseous fuels while the

external combustion systems have total flexibility of fuel

use, particularly in the larger unit sizes.

(6) There are systems under development for most applications.

However, there appear to be no systems under development for

the smallest sizes (3-4 kW - suitable for single room heating,

small well insulated houses or houses in mild climates) and

insufficient activity to develop systems for the industrial

area.

(7) All air source heat pumps suffer from the disadvantage of de-

clining efficiency towards peak heating demand. The peak de-

mand imposed by the use of such systems, either monovalently

or bivalently, will also restrict their use unless energy can

be stored for the peak demand. This can be done by storage of

energy as fuel (i.e. using an oil or IPG+fired boiler as back-

up), as heat (hot water or other store) as chemical or latent

energy. There is therefore a requirement for the development

of cost effective storage systems. These could also be used to

avoid low efficiency operation of systems on partload or ren-

der unnecessary sophisticated control systems.

Liquified Petroleum Gas
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(8) There is at present no international standard for performance

for heat pumps. Two countries (U.S. and Germany) have national

standards and these are completely different. There

is a pressing need for uniform standards for performance and

also for definitions of terms and symbols. A further require-

ment is for some sort of code of practice for advertising and

promotion to prevent the market for heat pumps being spoilt

by misleading claims or unscrupulous promoters.

(9) The reliability, life-time, service and maintenance of advanced

heat pumps will in most cases prove troublesome aspects

in their initial years of commercialisation. The provision of

suitable service and maintenance facilities and the guarantee

of installations during the acceptance phase are essential

factors in their acceptability to the potential user. The use

of pilot installations and close monitoring of installations

during this phase will assist in the controlled and orderly

growth of the market and the necessary infrastructure.

(10) The capital costs of the advanced systems in general are still

high compared with the conventional boiler or furnace costs.

The reduction of first cost, a major factor influencing choice,

can be attained by specific R+D activities, by good design

and production in large quantities.

(11) There exists a diversity of financial, fiscal and other incen-

tives to the development and use of energy conserving techno-

logies, including heat pumps, in the participating countries.

The effectiveness of these policies and possible alternatives

in promoting the objectives of substitution for oil and con-

serving energy needs investigation. The comparison of the

various methods should enable the participating countries to

choose the most cost effective methods of achieving their ob-

jectives.
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5.2. R+D Needs

There have been identified a large number of R+D needs which

would assist in the commercial realisation of those advanced

heat pumps which appear best suited to the various applica-

tions, and to overcome disadvantages and to strengthen those

systems which at present are less attractive or at an early

stage of development. These R+D needs could form part of the pro-

grammes of work of those already developing these systems,

of national or utility research, while some are particularly

suitable for international co-operation and are more fully

described in the next section.

5.2.1. Technical R+D Needs

The R+D needs have been classified by system type and are given

in Table 5-1. These are not listed by priority since many have

been integrated into the projects suggested as suitable for

international co-operation. The remaining topics mainly apply

to systems under development and could be incorporated in the

existing work programmes or, where, appropriate as parts of

national R+D programmes.
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Sorption

Research Development Demonstration

Search for new safe fluids for . Design of compact, low noise and . Demonstration and comparison
small fossil fuel driven units high efficiency solution pump for of prototype sorption heat

organic fluids pumps (in the range of 10 to
· Search for new safe fluids for 20 kW thermal output) for

high temperature industrial . Design of high efficiency gene- single family houses (see
applications rators external combustion)

Collection and publication of . Design of an organic pair, solar . Demonstration of medium sized
all available data on pre- space cooling unit sorption units for multifamily
viously considered fluids house heating

. Design of a combined heat pump/
· Investigation of the boosted storage system to meet peak de-

absorption cycle's potential mand
for district heating

. Design of small reversible units
. Computer modelling of absor- to replace electric window air-

bers and expellers for orga- conditioners
nic and novel fluids

. Development of sorption heat
· Computer modelling of sorp- pumps with storage function

tion cycles for different (heat of reaction/dilution)
fluids, aiming at predicting
the performance of given con-
cepts and developing new ones

· Investigation of safety re-
quirements regarding domestic
use of ammonia

· Investigation of alternative
sorption cycles e.g. resorp-
tion and Altenkirch cycles,
multistaging,to achieve better
performance

· Theoretical and experimental
study of refrigerant mixtures
in sorption systems

· Fire testing of organic fluids
with respect to explosivity,
inflammability and formation
of physiologically dangerous
compounds through pyrolysis

*)
Compressor between evaporator and absorber

Table 5-1: R+D Recommendations
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Electric heat pumps

Research Development Demonstration

Study methods of improving per- . Development of high efficiency . Demonstration of best heat pump
formance of air source heat controllable motor-compressor technology for single family
pumps below +3°C to overcome units of small unit size house heating
utility restrictions to biva-
lent-parallel operation . Development of third generation

high efficiency, controllable,
R+D on short to medium term lower cost heat pumps for space
duration heat storage to supp- heating only
lement heat pump output at
peak load conditions . Introduction of higher national

performance standards for air-
Study of Lorentz cycle systems conditioners and heat pumps
for domestic heat pumping

· Development of self defrosting
. Investigation of methods to evaporators for air source sys-

reduce auxiliary power re- tems
quirements e.g. fans and
pumps . Electronic control systems

. Development of low cost plastic
radiator and piping systems for
low temperature water distribu-
tion systems

Table 5-1: R+D Recommendations
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Internal combustion driven

Research Development Demonstration

· Investigation of the possibi- . Design and construction of inte- . Operation of gas engine driven
lities of improving recip. grated engine/compressor units heat pumps on alternative gases
compressor efficiency and con- (10 to 20 kW output) (SNG, mine gas, town gas, biogas)
trollability

. Development of methods to avoid . Experimental comparison of per-
. Investigation of alternative soot formation or to remove soot formance of internal combustion en-

compressor types for small en- from exhaust gas coolers of gine driven heat pumps (10 to 20 kW)
gine driven systems Diesel units

Monitoring of reliability, service
· Investigation into control . Development of integrated en- and maintenance requirements of

methods to achieve high effi- gine heat recovery packages existing internal combustion engine
ciency output regulation, and driven systems to identify best
application of microprocessor . Development of electronic con- practices and R+D requirements
control trol systems for optimum per-

formance and life of units . Demonstration of engine driven
· Investigation of free piston systems for power generation and

and rotary engine/compressor . Development of peak heat load heat supply for small communities:
systems for small units shaving devices (e.g. thermal the so-called 'Blockheizkraftwerke'
(<30 kW output) stores, short term performance (Block heating and power centres)

boosting) to avoid need for
· Study of possible methods of back-up boilers

increasing service life and
reliability of internal com-
bustion engines for heat pump
drives

· Study on local pollution and
noise produced by small en-
gine systems

Recommendations for counter-
measures and design practices
to meet building regulations

Table 5-1: R+D Recommendations



External combustion driven

Research Development Demonstration

Investigation of suitability . Design and development of kine- . Demonstration and comparison of al-
of external combustion systems matic Stirling-Rankine cycle ternative systems (Rankine-Rankine,
for higher temperature appli- system for medium size appli- Stirling-Rankine and Ejector) for
cations e.g. district heating, cations (100-400 kW thermal single family house heating (see
industrial applications. output) sorption)

Investigation of solid fuel . Development of larger sized . Demonstration of combined heating/
fired external combustion sys- single fluid Rankine-Rankine cooling systems (Stirling-Rankine,
tems for medium and large systems Brayton-Rankine and Rankine-Rankine)
applications for commercial building- air-con-

.Development of Brayton and ditioning
R+D to produce a design method Stirling systems for com-
(computer based) for ejectors bined heat and power (for . Demonstration of external combustion
for heat pump drives (also for heat pump drive) units for systems for industrial applications
sorption units) small communities

Assessment of free piston units . Development of high efficien-
for small heating applications cy low cost feed pumps for

Rankine-Rankine systems
Study of control problems and
off design point performance
of Rankine-Rankine systems and
identify best control philoso-
phy

Investigation of alternative
heat pump cycles for external
drives (Joule, Edwards, Lo-
rentz, Resorption)

Computer modelling of solar
activated systems for optimi-
sation

Table S-1: R+D Recommendations



General

Research Development Demonstration

Investigation of the fundamental . Computer modelling of vertical . Field testing of vertical ground
problems of vertical ground sour- ground source with respect to source heat pumps (10 to 20 kW):
ces (geology, heat transfer, heat optimisation of geometry a) electric drive
capacity, mech. effects) b) comparison of use with on- and

. International standardisation off-site activated heat pumps
Study on the integration of large of heat pump systems and test-
heat pump systems in district ing methods . Application of low temperature
heating schemes large scale solar ponds for urban

* Development of concepts for heating with on-site activated
Evaluation of fluid mixture heat large scale waste heat usage: heat pumps (MW-range)
pumps to approximate the Lorenz e.g. transport of low tempera-
cycle and achieve high efficien- ture waste heat carrying water . Establishment of central test
cy to district heating heat pumps facility for proving of different

heat pump systems (3 to 20 kW)
Assessment of the possibilities . Development of models for the
of using coal and wastes in ex- optimisation of heat pumps + . Field testing of solar source
ternal heat pump combustors of improved thermal building in- heat pumps (10 to 20 kW)
both sorption and vapour com- sulation
pression systems

. Development of small capacity
Investigation of air pollution controlled high efficiency
impacts generated by local ex- compressors
hausting of relatively cold ex-
haust gases . Development of low cost solar

roofs as heat sources
Assessment of the combined cyc-
les' potential for district heat- . Design of low cost and cor-
ing rosion proof exhaust gas

coolers for operation below
Assessment of heat sources' po- the dew point
tential for large heat pump sys-
tems . Development of small air to

air heat pumps for well in-
Impact study on effect of ex- sulated houses using exhaust
tensive use of heat pump tech- air as source
nology on resources, environment,
productive capacity,service in- . Development of high efficien-
frastructure etc. cy heat pumps for industrial

heat recovery and drying
Study of effects of various finan-
cial, fiscal ad other subsidies
on heat pump development and use

Table 5-1: R+D Recommendations
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5.2.2. Market Relevant R+D Needs

Although 15 advanced heat pumps were analyzed in the market study, only AHPs 2,
4, 5, 9, 13, 14, and 15/18 show significant market potential in one or more

countries. The conclusions of the market study for each of these systems are
discussed below.

AHP 2

AHP 2, in its heating and cooling (2a) or heating (2b) versions, has the
largest market potential of all the AHPs considered in the market study. This
potential could be increased even more by R&D oriented toward the following
objectives:

* Accelerate development to allow earlier commercialization (estimated in the
analysis to occur in 1986).

* Reduce first cost. A cost reduction of 3,000 DM would open new markets for
AHP 2b in Europe (e.g., Belgium, Italy, and the United Kingdom) and double its
potential in Germany.

AHP 4

AHP 4, the small Diesel system, does not achieve significant market penetration
in any of the countries that studied it, except in the United Kingdom and
Switzerland, where the market estimate was based on qualitative judgment. In
fact, AHP 2, introduced later, has better economic perftormance than AHP 4, and
would tend to drive it out of the market. However, other, larger Diesel systems
(e.g., AHPs 4a and 5) show good prospects in other market segments, indicating
that Diesel-driven systems benefit from economies of scale.

AHP 4 will benefit from any delay in the commercialization of AHP 2 to establish
its market position and reduce its cost through longer production runs. Time is
also needed for installers and customers to adapt themselves to its more complex
heating system. It is uncertain whether single-family home owners will accept a
motor-driven heating system. Reducing noise and improving reliability through
R&D would make the system more acceptable.

AHP 5

Despite its large a.ze, which limits it to certain applications and countries,
AHP 5 is the mos. .-ccessful of the Diesel systems studied. Except for Italy,
the system perfo-.is well in all the countries that studied it. The Swedish
analysis showed that the system performed relatively better in large installa-
tions (10 MW). No major R&D conclusions can be drawn from the results of the
study.
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AHP 9

AHP 9, the Stirling-engine-driven heat pump, is applicable only in Japan, the
United Kingdom, and the United States, due to its air distribution systems.
Only in Japan does the system penetrate the market, outranking AHPs 2 and 15.
This estimate is partly due to the fact that Japanese analysts assumed a lower
first cost than that assumed by other countries. To achieve market share in
the United States, the system will require significant first cost reductions,
and R&D should be directed to this end.

AHP 13

The market share for AHP 13, the ground-source electric heat pump, is large,
especially in colder countries where decision makers are sensitive to energy
costs. In many of these markets, AHP 13 holds a similar position as the
conventional electric air-source heat pump, which it resembles. Although
economical, AMP 13 is limited by the ground area needed to install and operate
the soil heat source for the horizontal system, or by the geological conditions
required by the vertical system. R&D should be directed to improving heat
source designs and installation methods. Such research, of course, would
also benefit competitive heat pump technologies.

AHP 14

The AHP 14 absorption system should be very cmLApetitive, particularly if its
first cost is as low as assumed in this study. However, its use of ammonia
fluid and natural gas fuel could prevent it from entering many markets. If R&D
on AHP 14 changes the working fluid to another fluid that is more widely
acceptable at a reasonable cost, the system could enjoy a greatly expanded
market potential.

AHP 15/18

AHP 15/18, the organic Rankine/Rankine cycle (ORC) heat pump, is one of the few
AHP systems that have potential in both small and medium systems. Among AHPs,
AHP 2 is its major competitor ranking ahead of AHP 15/18 on life-cycle
cost and payback period. R&D efforts should be oriented toward lowering the
cost and bringing the system on the market sooner. If AHP 15/18 were available
significantly earlier than AHP 2, it might be able to consolidate a market
position and reduce its cost fast enough to remain in market segments where
AHP 2 now drives it out,

In single-family applications, AHP 15/18 micht suffer from some of the same
consumer reluctance that plagues AHP 4. Demonstrations and field tests
may be necessary to increase consumer acceptance.
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FUTURE DIRECTIONS FOR ADVANCED lEAT PUMPS

The economic potential for all AHP systems, although significant, is limited by

strong competition from conventional systems, especially natural gas boilers and

conventional electric heat pumps. Strong competition among AHPs limits the

market for each of them separately.

The overall conclusion of the market study for R&D policy in participating

countries is relatively clear. To expand the market share for advanced heat

pumps as a group, R&D efforts should be focused on AHPs most likely to generate

market potential by 2000: the absorption, ORC-Rankine, and Diesel/Rankine

systems. R&D investments in other AHP systems may be wasted because they may

never succeed in breaking into the market. If they do break in, they may

merely take market share away from other AHP systems without reducing the

shares enjoyed by conventional oil and gas boilers and electric heat pumps.

Countries contemplating R&D investment in technologies with small or zero

markets in the present study should carry out a more complete analysis and

consider all the systems that will compete for the heating and cooling market.

Many systems may show initial promise, but over time, each market segment is

likely to be dominated by one or two technologies.

Additional market for AHPs can probably be achieved more easily by attempting to

change consumers purchasing decision processes than by R&D programs to improve

AHP technical performance. Government subsidies and tax write-off programs can

lower the first cost of the system and, like education, encourage the consumer

to take a longer run view of investment decisions. If initial production runs

can be stimulated by programs such as those in Sweden or Germany, then accumu-

lated experience will lower AHP unit cost and improve system reliability more

effectively than government R&D. Such experience has already reduced the cost

and improved the reliability of conventional heat pumps and should be extended

to AHP technologies.

To avoid producing government-dependent markets, any subsidy program should

cover only the period immediately after commercialization and be phased out over

time. Such subsidies should be limited to energy-efficient technologies such as

AHP systems that are desirable on broad energy-political grounds. As subsidies

are phased out, normal competitive forces will determine which systems will

dominate in each market.
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