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Preface

This Volume II of the final report of the IEA Common Study of Ad-

vanced Heat Pump Systems deals solely with the technology survey.

Section 1 contains a short description of the work program.

Section 2 describes the status in each of the 13 participating

countries with regard to heat pump technology, climate, heat sour-

ces and energy supply.

Section 3 contains the classification and description of heat pump

types covered by the study, the definition of terms, symbols and

performance criteria used in the study.

Section 4 describes the recent worldwide trends in heat pump re-

search and development.

Section 5 and the Appendix describe the Case Studies, which were

the heat pump systems chosen by the National Teams as of interest

in their respective countries and which formed the link between

the technology survey and market study.

Section 6 gives the assessment of the strengths and weaknesses of

the advanced heat pump systems, particularly in regard to specific

applications.

Section 7 contains the conclusions of the technology survey and

the recommendations for further research and development.

The market study has been compiled in Volume III. Both Volumes

II and III are restricted to the 13 participating members of the

IEA Advanced Heat Pump study. The results of both the technology

survey and market study have been summarised and compiled in

Volume I, which will be published openly.
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1. 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



1. -2

Executive Committee - - Supervisory Control

Operating Agent (O.A.) - ---- Project Management

Germany (KFA-JUlich)

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

. Cost Control

. Communication

. Reporting

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

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

National Teams -- -. National Technology Survey and
Market Study

. Austria . Preparation of National Survey

. Belgium Reports
· Canada . Review of Documentation
· Denmark Distributed by Battelle and RPA
. Germany
. Italy
. Japan
. Netherlands
. Spain
. Sweden
. Switzerland
. UK
·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.



Investigation into the identification of Ranking of Strengths Development of
Technoly . International State of R+D Trends and Weaknesses R+D Programme

Development

Market Identification and Comparison between Identification of
Study: ,Analysis of Market Conventional Systems Market Estimate R+D Needs

Segments and Heat Pumps

Fig. 1-2: Overall study description
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2. Boundary Conditions

(Evaluation of Quick-Look Reports)

The state-of-the-art technology survey consisted of an analysis of

each participating country's situation by its national team with

regard to energy supply and use, climatic data, availability of

sources, the current status of heat pumps and R&D. This was

followed by an in-depth analysis of examples of the most interes-

ting heat pump types by the national teams and the technical study

team. These heat pump systems (called Case Studies) are presented

in Section 5.

2.1. Energy Supply and Demand

Table 2-1 gives the energy demand data-collected for the 13 parti-

cipating countries. The information is incomplete because of the

unavailability of data for some countries. It can be seen from

Table 2-1 that there are certain characteristics which apply to

most or all of the countries. These are

a) The high proportion of energy imported, except for the Nether-

lands, UK and USA which have large indigenous sources of gas,

petroleum and coal.

b) The proportion of energy used for domestic and commercial hea-

ting is from 10 to 15 % for the warmer Mediterannean countries

and Japan, and from 20 to 44 % for the northern European coun-

tries, USA and Canada.

These percentages can be misleading since the proportion of

energy used for space and water heating depends on the quanti-

ties used for other purposes and in some countries industry

or transportation are heavy energy users, and the actual quan-

tities of energy used per capita vary considerably from country

to country.



Domestic and commercial

energy demand-energy demandh % shares of sector
im- demand heating

Country YearCountry Year ported all uses only

(%) (%) (%) oil gas coal elect. other

Austria 1975 64 36

Belgium 1975 78 34 47.6 14.2 12.4 10.8 5.0

Canada 1976 20 16 50 25 0.4 19 5.5

Denmark 1977 97 44 72 20 8

Germany 1977 63 44 34 59 15 7 15 4

Italy 1977 68 16 14 50 20.4 2.8 7 0

Japan 1975 88 22 12

Netherlands 1977 42 18 18 72 0 9 0

Spain 1978 70 10 8 12 38 5 45 0

Sweden 1975 78 31 66 0 2 21 11

Switzerland 1977/78 79 48 86.3 5.7 1.3 3.0 3.7

UK 1976 24 25 19.4 38.7 16.2 18.0 7.7

US 1977 23 39 23 34 46 1 19 0

Table 2-1: Energy use in the participating countries
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c) The proportion of oil used for domestic and commercial space

and water heating is generally greater than 50 % (excluding the

Netherlands, UK and USA).

From these statistics it can be concluded that, as already known,

most countries depend heavily on imported petroleum for space and

water heating and that only in the Netherlands, UK and USA are al-

ternative fuels readily available. In these three cases there is

heavy dependance on natural gas for space and water heating.

The situation looks quite different when the trends in energy de-

mand are taken into consideration. Table 2-2 shows the anticipated

changes in demand until 1990 in those countries for which data was

made available. This demonstrates that almost all countries except

Denmark expect to increase their energy demand by between 25 and

100 % during this period, with the overall (weighted average) de-

mand increasing by 57 %. The greatest increases are anticipated

for natural gas (esp. from the North Sea), nuclear and other sour-

ces (such as solar, biomass, geothermal etc) for which the large

anticipated percentage increase is due to their insignificant use

at present.

Even so most countries anticipate the demand for oil to increase

by between 20 and 70 %. Only Canada anticipates being self-suffi-

cient in energy.

Clearly, this scenario presents considerable strain on the energy

supply and demand regime, the demand for energy in 1990 apparently

being about 50 % greater than at present. The statistics presented

in Table 2-2 reflect a position which may already have changed,

since in some countries the nuclear option has been restrained be-

low the level planned (eg. FRG) and in others the expected increa-

ses in nuclear energy (between 5 and 33 times in fifteen years) ap-
pear excessively optimistic.
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% Change (1975 - 1990)
Country - -

total oil gas coal nucl. hydro D.H. other

Austria + 66 + 68 + 78 - 10 0 + 102 106

Belgium + 68 + 46 + ?

Canada + 78 + 33 + 100 + 120 + 200

1· 2)
Denmark ) 0 - 60 + + 800 + 600

Germany + 43 +332 + 57 + 16 + 770 + 48

Italy not available

Japan3 +100 + 73 +1600 + 265 + 3300 +54 - +1130

Netherlands + 38 +64 + 2 0 - 10 0 0 0

4)
Spain + 46 +20 +353 +47 + 95 - 2 -

Sweden5) + 25 0 + 186 - 100 0 + 233

Switzerland 8 + 43 -10 + 460 + 301 + 530 + 31 + 1100

UK6 + 25 - 3.5 + 70 + 25 + 100 + 6 + 50

USA +51 + 51 - 8 + 91 + 488 + 32

Total 57 %

Notes 1) 1975/1995, space heating only
2) From 0 % of space heating to 40 % by 1982
3) 1975/2000
4) 1977/1987
5) 1978/1990 alternative A: No nuclear power (no longer valid since Referendum of March 1980)
6) domestic sector only
7) district heating
8) 1975/2000, Scenario IIIcG

Table 2-2: Projected energy demand (1975-1990)
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Tables 2-1 and 2-2 indicate that since in most cases domestic and

commercial energy consumption for space and water heating repre-

sents a large percentage (between 10 and 40 %) of energy demand,

that a higher proportion of this (20 % to 70 %) is oil-fired, and

that this demand is expected to increase. Natural gas and nuclear

power are seen to be high growth points and are expected to be

substituted for oil in many countries. The latter may not, in fact,

grow at the anticipated rates. Thus gas will carry an increasing

burden in this market, although oil is still likely to supply a

substantial proportion.

These trends emphasise the necessity to conserve energy in the do-

mestic and commercial space and water heating sectors, and one

possible means of doing this is by substituting a fossil-fuelled

heat pump for the normal fossil-fuelled heating system (boiler,

furnace etc.). The possibility of using electrically driven heat

pumps for this purpose is considerably restricted by two factors.

1' The overall inefficiency of the fuel-to-electricity-to-heat

pump-to-heat system when the electricity is produced by burning

fossil fuels.

2' The decreasing performance of the heat pump as the source tem-

perature decreases (air-air or air-water electric heat pumps

being the most common type) makes a back-up heating

system necessary. This operates at a time when demand on the

electricity supply system is highest.

2.2. Climate

Climate is, of course, the prime reason for a heating (and some-

times cooling) demand. Comparison between the heating and cooling

requirements of the 15 participating countries is made difficult

by the widely differing climate within a country, and also by the

different methods of collecting weather and heat source data in

each country.
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Table 2-3 gives a summary of the weather characteristics from the

Quick Look Reports.

2.3. Possible Heat Sources

2.3.1. Ambient Air

The data on climate also shows the characteristics of air as a

heat source for heat pumps. In Table 2-3 and 2-4 it can be seen

that air is an inadequate heat source for heat pumps for all re-

gions except region 5, in that at low temperatures, when the de-

mand for heating is highest, the very cold source temperature re-

sults in a very low coefficient of performance (COP) and heating

capacity. In the case of region 4, and to a lesser extent region

3, the air humidity is excessively high in winter, producing an

accumulation of frost on the evaporator and decreased performance

due to reduced heat transfer (and/or an extra expenditure of ener-

gy to defrost the evaporator).

Thus air as a heat source, though providing the simplest option,

suffers from the disadvantage of reduced capacity at low tempera-

ture which is in opposition to the heat demand characteristic. The

options (Fig. 2-1) are either to size the heat pump for the maxi-

mum load, or to provide a back-up heating system (such as a fossil

fuelled boiler or electric heater) which is operated in parallel

with or as an alternative to the heat pump below a predetermined

air temperature. The former results in a heat pump which is gross-

ly oversized for the demand on all but the coldest day over a 25

or 30 year period. Consequently the heat pump capital cost is ex-

cessively high, and the heat pump has either to operate intermit-

tently, or be capacity controlled, during the normal winter condi-

tions around Tmean, the mean winter air temperature.

Alternatively the heat pump is sized for the mean winter air tem-

perature, Tmean. This produces a situation where the heat pump can-

not meet the heat demand for all air conditions belowthis and so



kWI ~a .Ja heat pump heat supply

I I
I 

I
I I
I I
I I

Tmin Tmean Tmax = C

Ambient air temp.

Case 1: heat pump sized for max. demand
Case2: heat pump sized for mean demand

a-b-c: heat demand

Fig. 2-1: Air-source heat pump sizing



3) 4)
No. of Daily minim. Minim. monthly Average winter

Country Degree days air temperat. average air temp. humidity at 0 C

(200°C) () (C) (%)

Austria 3200/3800 -14/-20 N/A ) N/A

Belgium 2200 N/A 3 N/A

Canada 3000/61001) -10-40 N/A N/A

Denmark 2800 -10 2 90 %

F.R.G. 3000/3700 -10/-16 N/A N/A r

Italy N/A N/A N/A N/A

Japan N/A 4/-12 3 70 %

Netherlands 30001) -10 1,7 90 %

Spain 300/2200 - 3/+ 2 +3/+9 70/80 %

Sweden 3000/6400 -12/-38 N/A N/A

Switzerland 2500/4600 - 2/- 9 N/A N/A

UK 2800/3100 - 7/-11 -1 90 %

USA 0/12000 N/A N/A N/A

(42 states
2000/8000)

Notes:
1) 18°C base 3) 25/30 year minimum average daily temperature

2) N/A - not available in QLR in this form 4) 25/30 yearminimum average monthly temperature

Table 2-3: Climate and air source data



2-9

a secondary, or back-up, heat supply has to be provided involving

considerable extra capital cost. The heat pump is still oversized

for temperatures above Tmean

The design point can be chosen between these two extremes, though

the latter is the more normal choice. In some circumstances, e.g.

integration of a heat pump system into an existing heating scheme,

the back-up is already there in the form of the existing hot water

boilers. Alternatively a small additional boiler can be provided

which operates in parallel or alternatively to the heat pump under

extreme weather conditions and the sizing of the heat pump and

back-up boiler are such that about 70 % or more of the total heat

requirement is provided by the heat pump /1/.

An extra complication, and one that severly affects existing de-

signs of air source heat pumps, particularly in maritime regions,

is that of frosting of the evaporator coil. This results in re-

duced heat flow, a lower evaporating temperature and so reduced

coefficient of performance and heating capacity.

Defrosting can be achieved by reversing the heat pump cycle, opera-

ting subsidiary defrosting heaters located in the evaporator, or

stopping the heat pump for a period sufficient to melt the frost.

Experience has shown that designs of heat pumps for the US market

tend in European conditions to have excessive operation of the

defrost cycle due to the very high humidity in winters at ambient

temperatures of -2°C to +6°C /2/. The climatic data in Tables 2-3

and 2-4 show that in region 4 frosting, and subsequent actions to

defrost, would have a serious effect on the seasonal performance

factor (SPF), the annual average coefficient of performance, since

the majority of operating time would be under these conditions.

For regions 1, 2 and 3 the winter minimum and mean temperatures are

very low (Tmin = -120 C), so that an air-source heat pump would

have a low SPF and would need a large capacity back-up heating sys-

tem as well.



No. of de- Annual min. Winter mean
Region Areas gree days Temp. (0C) R.H. (%)

1. N. Sweden
Mid. West Canada 60006000 -30
Mid. West USA
Alaska

2. East USA and 4000/6000 -20/-30
East Canada

3. Austria, Switzerland
S. Germany, West Coast 3000/4000 -12/-20 80
USA and West Canada

4. S. Sweden, N. Germany
Denmark, Holland 2500/3500 - 7/-12 80
Belgium, UK

5. Japan, Italy, Spain 2500 5 80
South USA

Table 2-4: Approximate climatic regions
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Thus region 5 (Japan,Spain, Italy, South USA) provides the best

conditions for air-source heat pumps having a high mean and mini-

mum air temperature and so a good SPF and most likely not requir-

ing a back-up system.

Some of the advanced heat pump systems have a favourable design

feature in that the evaporator heat pick-up is small compared to

the total heat delivered by the system, which makes them less sen-

sitive to icing.

2.3.2. Ground

Data on the ground as a possible heat source is not available for

all the participating countries since in many little work has been

done to determine ground temperatures and the suitability as a

heat source. Table 2-5 summarises the data available, and shows

that the ground is not so variable a heat source as air, the

ground temperature at 1 metre depth having a minimum in the region

+2 to +8°C. Figs. 2-2 and 2-3 show in detail the temperature fluc-

tuation at the surface and 1 metre depth measured in southern Ger-

many /3/ and Fig. 2-4 for several locations in Canada at 1.5 m and

3 m depth /4/. Table 2-6 shows the variation between mean and mini-

mum temperatures at 0.6 m depth in Belgium.

From this data it is clear that below about 1 metre the ground pro-

vides a good heat source, having a maximum heating season tempera-

ture in September (between 9°C and 15°C) and a minimum in February

to April (between 1°C and 7°C). The problem with the ground as a

heat source is recovering the heat with a low capital cost, compact

system. In the Netherlands, where 90 % of the ground has a water

table in winter less than 1.4 m deep, this is not difficult, but

in other countries with very variable geological structures and

thermal properties of soil there are considerable problems. Also

it has been normal practice to use horizontal ground coil arrays

at 1.0 to 2.0 metres depth, and this requires between 30 m2/kW

/5/ and 80 m /kW heat recovered.



3C Jan I Feb Mirz I April Mai i Juni Juli I Aug Sept I Okt I Nov ez30
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Fig. 2-3: Measured temperature 1m below surface of soil, Munich /3/
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2Thus an average domestic system (for a 90/120 m 2 living space)

would need up to 500 m ground area, which is considerably in ex-

cess of that available for the majority of domestic premises,

which are located in urban areas.

An alternative, less developed, method is to use vertical coil

arrays to a depth of about 5 to 40 m. This has the advantages of

a less variable source temperature and a much smaller space re-

quirement. However, vertical ground source systems need summer re-

charging and considerable R&D is required on them to enable accu-

rate predictions of performance and coil sizing and reductions in

installation costs to be achieved. Again, those heat pump systems

requiring small evaporators could prove attractive with the ground

source.

2.3.3. Geothermal

Geothermal heat sources for heat pumps have been utilised in the

past, notably in France, but no examples of installed or planned

systems were identified in the participating countries. Geothermal

sources are extremey localised and rarely coincide with areas of

dense population and often the water has a high salt content gi-

ving problems with heat exchangers. However, sources with tempera-

ture ranges 30 to 500 C exist in parts of Switzerland, Spain, U.K.,

Japan and Canada and could be utilised when these are close to po-

pulation centres, giving high SPF's due to the constant (and high)

temperature source.

2.3.4. Ground Water

Ground water, i.e. water at depths of up to about 80 metres, is to

be found in most countries, with depths being usually less than

50 metres. Temperatures (Table 2-5) are generally in the range 5°C

to 12 C, so that although in principle ground water is an ideal

source for heat pumps, several aspects of the use of ground water

severely restrict its use:



T e m p e r a t u r e s (C) Sola r
Country ground ground water surface water sea water Other

min. max. min. max. min. max. min. max. min. max.

Austria (depth 1 m) (dept 6 12 2 11 Not applic. Not applic. 3.6 15
__ (depth 1 m) (depth 1 m) I

2 12
Belgium ) th 0) N/A A N/A N/A N/A 3.6 17

(depth 0.6m) (depth 0.6) N N N N swg ws

Canada N/A N/A 2 N/A N/A N/A N/A swater

Denmark 3 16 10 10 N/A N/A N/A N/A N/A N/A sewage at 10-180C

7 20
Germany (dth 1.7m) (deth 1.7 7.5 10 2 15 N/A N/A 1.8 16 sewage

-(depth 1.7m) (depth 1.7m)

Italy N/A N/A N/A N/A N/A N/A N/A N/A 2.5/6.6 20

5.5

Netherlands see ground see ground (depth 1 m) 15.2 .4/3.6 16/17 2.8 17 1.7 17
water water 10/12

(depth 10m)
( ?m I20 geothermal at

Spain 8 20 8 12 10 20 10 26 12 18 400C
(depth 1 m) (depth 1 m) idt ws

0/+2 10/ 12 industrial waste

Sweden (depth 1 m in mid Sweden) go103142
Sweden (depth in oid S1eden) m5i 10 1/2 15 +4 1 9 water at 20C C

geoth. at 30-41 C,

Switzerland N/A N/A 8 11 2 Not. applic. Not applic. N/A N/A ind. waste water,
1_____________ sewage at 6-80C

UK ( 1 ) N/A N/A 3.2 15.4 2 18 2.5 16
(depth I m) (depth 1 m)

USA N/A N/A 7 24 N/A N/A N/A N/A N/A N/A

Japan N/A N/A 12 20 N/A N/A N/A N/A 6.7/12 12/20 industrial waste
(depth 50m) (depth 50m water

*) MJ/m2 day
**) N/A = Not available

Table 2-5: Heat sources: heating season data only (September to May inclusive)



J F M A M J J A S 0 N D

Average
soil temp. 4.7 4.1 5.7 7.8 11.7 15.0 16.6 17.2 15.5 12.3 8.7 6.3
at 60 cm
(°c)

Minimum
soil temp. 1.9 1.0 1.3 4.0 7.0 11.9 13.0 15.0 12.1 7.7 5.0 2.9
at 60 cm
(Tc)

Table 2-6: Soil temperatures in Belgium
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a) Often the water has a high iron content or is of extreme al-

kalinity, producing fouling or corrosion problems with heat ex-

changers.

b) The flow rate required for a single family house is about

2.5 m3/h, for a water temperature drop over the evaporator of

5 K, so that ground water can only be used where the housing

density is low.

c) Local regulations usually require the water to be returned to

the ground, thus necessitating a second remote borehole per

unit.

The Netherlands presents a special case where the water table is

in winter very close to the surface. The water near the coast is

contaminated by sea water and care has to be taken over its use

to avoid contamination of the soil near the surface.

2.3.5. Surface Water

Surface waters, i.e. rivers and lakes, have been investigated in

many countries as possible heat sources /1, 6, 7/, but suffer from

the major disadvantage that the source either freezes in winter or

the temperature is very close to zero (typically 2 to 4°C). Conse-

quently the temperature of the source can only be reduced by 1 K

and extreme care has to be taken to avoid freezing on the evapora-

tor.

Thus rivers and lakes are unsuitable as possible heat sources for

heat pumps except where they are thermally polluted by industry or

power stations and then the thermal waste itself is a better sour-

ce (see Section 2.3.6.).
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2.3.6. Sea Water

Sea water, as a possible heat source has been recently investigated

/8/, and has been shown to be a very good heat source under certain

conditions. At depths of 50 m the sea temperature is constant at

around 5 to 6°C, and ice formation is generally not a problem. In

the Baltic Sea, where the salinity is low, the freezing point is

near 0°C and so it is similar to rivers and lakes as a heat source.

The North Sea, with a freezing point of -1 to -2 C, except near

river estuaries, and a mean winter temperature of about 5 to 6°C

presents a good heat source. In the Netherlands the sea lakes are

also possible sources.

2.3.7. Waste Water

Waste water, or effluents, offer an important and as yet underuti-

lised heat source. Effluent from public sewers has been found to

be in the temperature range of 10 to 200C throughout the year gi-

ving a good seasonal performance factor /1/, and a heat pump in-

stallation is under construction in Denmark utilising this source.

Condenser cooling water for electricity generating plants could

also provide an almost thermally constant heat source for heat

pumps /9/, as could warm effluent from industrial sources.

Waste water sources are generally highly localised, i.e. are only

available for use when they are located near population centres,

and in the case of electricity generating plants the heat pump in-

stallation has to comply with the operating criteria of the elec-

tricity utility. For example it is usual in countries such as the

U.K., to utilise large thermal and nuclear power stations remote

from population centres for the base load supply of electricity

and to only use smaller station in urban centres for peak load

operation. In other countries, such as Scandinavia, the power

plants in urban areas are often combined heat and power plants,

i.e. non-fully condensing, and so are unsuitable as low grade

heat sources for heat pumps.
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2.3.8. Solar

Solar energy, either as direct of diffuse radiation, is similar

to ambient air in its characteristics since the former is the dri-

ving force for the latter. A solar source heat pump, or a combined

solar/heat pump heating system, has all the disadvantages of the

air-source heat pump, i.e. low SPF and extreme variability, with

the additional disadvantage of high capital cost. Table 2-5 shows

that the mean radiation level reaches a minimum of about 1 to

7 MJ/m2.day, which generally occurs in December in the northern

hemisphere. The lower figure would give about 1/4 of the heat supp-

ly needed for a house with assumed collector area equal to the

floor area of the house. Even with a high coefficient of heat pump

performance (COP=1.5) the system would be inadequate without a
2

heat store or back-up system. The lower figure of 1 MJ/m .day ap-

plies to most of Northern Europe, North and Eastern USA and Cana-
2

da. The high figure of 7 MJ/m .day applies to South Europe, Japan

and South USA and so solar assisted of solar source heat pumps

could be applied there. The variability of solar radiation, which

is greater than that of ambient air, and its higher capital cost

nevertheless make it unlikely that it will prove to be a major

heat source for heat pumps for existing buildings.

2.3.9. Summary of Heat Sources

In Table 2-7 is summarized the suitability of heat sources by cli-

matic region, heat pump output capacity (using standard sizes of

3, 10, 20, 50, 100, 400, 2000 kW for simplicity), utilisation,

and also the major disadvantages and aspects that need further

R&D.

It is clear that the most interesting heat sources, requiring fur-

ther investigation, are ground (in particular with respect to ver-

tical coils), waste water, sea water and ambient air, while solar

assisted heat pumps could be applied in South Europe, Japan and

the US.



Order of suitability

Source climatic heat pump output utilisation disadvantages R+D needed
regions (kW)

ambient air 5, 4, 3, 2, 3, 10, 20, 50 single family house, multi family frosting, poor SPF defrost control optimisation
1 house

ground all 10, 20, 50, 100, 400 single family house, multi family cost, variability of ground all aspects of vertical
house, schools parameters source

geothermal all 100, 400 2000 district heating, commercial, cost, highly localised ,
multi family house fouling 0

ground water all 50, 100, 400 commercial,multi family house cost, fouling

surface water 5 all all highly localised, low SPF,
cost

sea water 5, 4, 3 2000, 400, 100, 50 district heating, commercial, highly localised, cost
multi family house

waste water all 2000, 400, 100, 50 district heating, commercial, highly localised, fouling availability and suitability
multi family house cost of sources

solar 5, 3 3, 10, 20, 50 single family house, multi cost, size low cost solar roofs
family house

*) see Table 2-4

Table 2-7: Summary of heat sources
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2.4. Current Status of Heat Pumps

Table 2-8 summarises the data collected by the national teams on

the current number of heat pumps installed in their countries, and

also data collected by another source /10/. It is clear from Table

2-8 that the majority of heat pumps (a 99 %), whether reversible

air conditioners are included or not, are in the USA domestic mar-

ket. The total number of heat pumps in the world is therefore at

present about 4 x 10 , if reversible airconditioners are included,

and 0.8 x 106 if they are excluded. Though the data is incomplete

(many countries clearly undercounting), and the survey only covers

13 of the industrialised nations, nevertheless the USA figures are

so large as to render the rest of little significance.

However, the table also shows the large number of heat pump insta-

lations in Europe for swimming pool heating etc., which are gene-

rally large installations. Although gas and diesel engine driven

heat pumps have become well established for this type of installa-

tion, only the Federal Republic of Germany was able to provide fi-

gures on the number of installed non-electric driven compression

heat pumps. Clearly, these and the absorption heat pump, are still

at. the prototype/demonstration stage.

2.5. Constraints on Heat Pump Utilisation

The constraints on heat pumps, other than technological ones or

ones of a technological origin (capital cost, performance, contro-

lability, etc.) or those related to availability of sources, are

those of a legal, economic, financial or social nature. Several of

these can readily be identified and some have been thoroughly in-

vestigated previously.

The limitations to the growth of the utilisation of electrically

driven heat pumps have been described by Lorentzen /11/. These are

related to the relative cost of electricity to the cheapest alter-

native fossil fuel, the cost penalties associated with the maximum



Electric Gas Oil
--------------------)-------- " rEst. max.

Country Data source swimming pools total
domestic leisure centres, commercial engine driven absorption engine driven

schools

Austria QLR 16 34 - - - 50

Belgium OLR 1000 50 1050

CandQLR 0.1 % (>6000) -.

Canada /10/ 8005700 - - - 8775

Denmark /10/ 1500 -60 - - - 1560

OLR - - 35 65 6000
"Germany /10/ 800 780 91 - -

Italy OLR 100 -- - - 100

Japan not available l

OLR 10 100 110
Netherlands QR 10 100 110

10/ 2 - - - -

Spain QLR ~ 1900 -900 - 2800

QLR - - - 1000-2000
Sweden /10/ 1200 - 2000 - - - 3200

QLR 600 600
Switzerland /10/ 100 - 60 - - - 160

UK /10/ 27 - 7 - - - 34

USA QLR -3,700,000 ' ---- 5 3,700,000
,S /10/ 750,000 - 1067 - - - 751,067

6 6
max. .7 x 10 " 3.7x 10total 3 x 6 939 4086 35 1 65 078 x 106

0.8 x 108 10

*) Data Sources: QLR - Quick-Look Reports from national teams: /10/ - World Energy Conference
**) Includes reversible (heating/cooling) systems

Table 2-8: Current status: number of heat pumps installed
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electricity demand, and the effect of the widespread use of heat

pumps on the electricity supply system. This would result in an in-

creased demand when it is already at a peak.

The financing of capital investment generally has the effect of en-

couraging energy production (power plants, oil fields exploration,

etc.) and discouraging energy conservation in the Western world.

For instance, power plants are usually financed at low rates of

interest over long amortisation periods while the end user has to

pay high interest rates over short amortisation periods to conserve

the same amount of energy /10/.

The availability of fuels is an important factor influencing the

likely use of heat pumps. The present situation in most countries

is that a high proportion of space and water heating is done by

oil (Table 2-1) and this situation cannot be expected to persist

over the next few decades. As oil supplies become restricted they

are most likely to be reserved for prime uses, such as transport,

chemical manufacture etc. In many countries natural gas is already

substituted for oil and also for direct or storage electrical hea-

ting systems, and this trend is expected to continue over the

next decades.

Over the next few decades the supply, cost and availability of

electricity in most countries is very strongly influenced by the

growth of the alternatives of nuclear or coal fired electricity

generation. Strong growth of the former could lead to an increased

availability (and possibly lower cost relative to oil) of electri-

city, which in turn could lead to a resurgence of interest in elec-

trically driven heat pumps. The alternative, coalfired electricity

generation, is more likely to produce high cost electricity and

lead to an increase in the use of combined heat and power genera-

tion. In the second case the energy conservation from the use of

small electrically driven heat pumps is likely to be minimal.
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Another constraint on the use of heat pumps is the present practice

in most European countries to use high temperature (60 t 100°C)

supply water in both individual and district heating schemes. This

results, when a heat pump is substituted for a fossil-fuelled boi-

ler, in a low COP and hence a low SPF. The use of lower temperature

water (at 40 t 60°C) in existing individual systems (which are

often oversized) and in new systems would be greatly assist heat

pump utilisation.

An in-depth analysis of the heat pump implementation barriers has

been made within the market study, Volume III of this report.
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3. Technical Delimitation

3.1. Introduction

As described in Section 1.2. the study was required to consider all

types of heat pump systems under development. For this purpose a

system of technical delimitation was developed which enabled all

the major systems to be analysed and compared following a unified

structure. The technical delimitation also serves the purpose of

defining technical terms and performance criteria which are used

in subsequent sections for the detailed system studies.

3.2. Classification of Heat Pump Systems

Figure 3-1 describes the range of heat pump systems considered in

the study. Each heat pump system consists of a heat pump cycle

(or subsystem) and a drive cycle (or subsystem). In the case of

mechanical systems the subsystems are usually separate units connec-

ted by a mechanical linkage or shaft to the heat pump compressor,

while in absorption systems the drive cycle is that part of the

thermodynamic cycle which by absorption and desorption provides

compression and expansion of the volatile work fluid.

The upper part of Figure 3-1 describes the range of heat pump cyc-

les which can be used for the heat pumping subsystem, classified by

whether they are activated by heat or by work, both heat and work,

or electricity (which is of course a form of work). The lower part

of Figure 3-1 describes the cycles which can be used for the drive

subsystem, classified by the source and type of activating energy,

i.e. solar, internal combustion or external combustion of fuels.

Figure 3-1 also classifies the heat pump system by the quality of

the activating energy, from those on the left cf the diagram requi-

ring low grade energy such as solar radiation to those on the right

requiring pure exergy i.e. electricity. In between lie those re-

quiring heat at higher level, or availability, than solar and those

requiring mechanical work.



sorption cpression electrodynamic

unistage t adsorption resorption absorption Stirling Joule Ericcon Rankine the'no- electro-

multistage D resorption absorption absorotion combined Rankine
resorption sorp/comp

input I HEA IAT| lHEA+WR W 0 A iOR1I Ep LECTRICITY

loutput | NE A I WORK RLECTRICITY
output I r

solar he heat e eat stea/ fluid Stirling e Erion Rankin Otto esel electric direct electric

, motor

electricity I

external internal
crbustion combustion

~Fig. 3-1: Range of drive and heat pump cycle combinations

Fig. 3-1: Range of drive and heat pump cycle combinations
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In Figure 3-1 the heat pump subsystem and drive subsystem are ar-

ranged so that those using the same thermodynamic cycle are adja-

cent to each other. This does not imply that they form exclusive

combinations, since it is technically feasible to arrange combi-

nations of any drive subsystem with any heat pump subsystems as

long as the mode of energy transfer, i.e. heat or work, is compa-

tible. The selection of system then depends on the application

and the available energy sources for both the drive and the heat

pump.

3.3. Applications

Figure 3-2 shows the range of applications covered in the study

with the approximate range of heat pump power outputs required for

each application. Also marked on Figure 3-2 are the size ranges se-

lected for the case studies, i.e. the output powers approximately

corresponding to the major applications envisaged, and which were

therefore used as inputs to the market study (see Section 5).

Figure 3-3 shows the distribution temperatures required for each

application area, although it is not necessary that the heat pump

subsystem itself should have this output temperature. For instance,

an engine driven system, e.g. Diesel-Rankine, can achieve high out-

put temperatures if the engine exhaust is used to uprate the

output of the heat pump. Alternatively, a "bivalent" system can be

used in which a fossil-fuelled boiler operates in series with the

heat pump, either simultaneously (called "bivalent parallel")

alternatively (called "bivalent alternative"), to boost the output

temperature to the maximum required during peak heat load condi-

tions.

Another factor influencing the performance and choice of systems

is the availability of suitable heat sources. These have already

been described in Section 2.3. and summarised in Table 2-5.



Market residential commercial ndustr
sector

^iindustrial
100 - 10,000 kW +

commercial buildings
(offices, shops, schools, leisure centres

Range \20 kW - 1000 kW

of

appli-

cation

single room single family multi family district heating
house house

1 - 4 kW 4 - 20 kW 20 - 400 kW 400 - 10,000 kW

Selected
sizes f -4 4 p10-12Y 15-20 100 400 ( O 2000
forV kkW k k
case
studies

Fig. 3-2: Classification of systems by application and size (thermal output)



Delivery Temperature (0C)

0 20 40 60 80 100 120 140 160 180 200

space cooling I I

warm air heating I I

warm water floor heating II

warm water radiators (forced convection) I I

warm water radiators (free convection) I I

district heating (warm water) I J

district heating (hot water/steam)

industrial process water/steam _ _ _ I

0 20 40 60 80 100 120 140 160 180 200

Fig. 3-3: Range of delivery temperatures recuired by application (design values)
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3.4. System Descriptions

From Figure 3-1 it is clear that there are many possible types of

system, depending on the combinations of drive energy and cycle,

heat pump cycle and low grade heat source. However, certain system

combinations are favoured because of the matching of drive and

heat pump cycle characteristics. Table 3-1 shows the matrix of

possible combinations of compression systems, with subdivisions by

type of machinery used. The selection of heat pump and drive cycles

is then influenced not only by the characteristics and theoretical

performance of the thermodynamic cycles but also by the characteris-

tics and performance of the types of machinery. In Table 3-1 are

marked the combinations of cycles which are the subject of current

R&D.

Figure 3-4 shows the principles of 13 of the most important ad-

vanced heat pump systems. For each system there is a line diagram

showing the major components and fluid flows, a theoretical Ts dia-

gram of the major processes, an energy flow (or Sankey) diagram

and average values for gross coefficients of performance for a

50 K temperature difference between the heat pump cycle minimum

and maximum temperatures. The detailed descriptions of the various

systems have been well documented elsewhere, e.g. absorption and

resorption /11, 12, 13, 14, 15/, Stirling-Rankine /15, 16, 17/,

Brayton-Rankine /15, 17, 18/, Ericsson-Ericsson /19/, Rankine-Ran-

kine /15, 19, 20/, Otto-Rankine /21/, Diesel-Rankine /22/, Heat

Transformer /23/, Ejector /24/.

3.5. 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-



Subsystem Drive

cycle Rankine Stirling Brayton Ericsson

machinery recip. free rotary turbo kinematic free turbo free

piston piston piston piston

recip * ,
piston

free ,
piston

Rankine
rotary * * *

turbo * * *

~Heat .~ . kinematic
Stirling

pump free piston

turbo *

JouleJoule rotary

Ericsson free piston

Table 3-1: Matrix of combinations of external combustion drive and heat nump machinery



a) single stage absorption

Nh Nh Nc

Nc Nf
2 4 - 1 *-'," 10

7

N absorber evaporator COPff s 1-2-1-4
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b) two-stage absorption (double evap..absorbtion)
Nh Nc

hN generator -- I condenser

17 (t 10Na
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Fig. 3-4 : System descriptions



c) resorption (thermal driven)

T ,

.N1 Nhdesorber -- COPednf Nr 1< geat

d) resorption (mechanical driven)

T

3 . 6

desorber --J'-- aCOPeff Nr ,,4 (>1-2)
1 \N

S No

Fig. 3-4



e) Stirling -Rankine
N Nw c

T !

T !j~~~ r^ ~ ~ ~~~1 7 r-u m/I 3 < | r eg en engine Ha) ]9 J __ 1
vz const

Y , .{ t erCOP, ff N- eNw ~ C4O-1e6
~~ S ~ ~~~~~~~ Nhl?~~ N'Nh

f) Brayton -Rankine
Nw Nc

T ^o , .1 1-T
cooler denser

pgconst

^V^\ rS-^^M/MMe r

N ' NCOPef N , l 2 1-1'3

Fig. 3-e



g) Ericsson - Ericsson
Nw N¢

Tf--fi- cooler -< cooler
22 22

®< - --reg en. engine H|| comp. regen. Z050 0

v=const. heaheaer COPfN 2

S
Nh No

h) Rankine - Rankine (single fluid) Nc

r 6&- --- (7

W ---- con enser 58
2A - 5 2 3

v1 2n j-4 -

heater evaporator OP ff - 1-2-1-4COPeff = N 12-1 h
S Nh N

Fig.3-4



i) Otto -Rankine

T

S NN

j) Diesel -Rankine N Ne N

p6cont /cooling I exhaust cond

/v=const

<,vcœ / A v t.2 t3 yO
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k) electric motor-Rankine (thermally generated electricity)
T 4' iNh NcnI 4 ' ,-:- - - --
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m) ejector heat pump

T 3
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h1 1

Fig. 3-4
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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 in 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
COP = /N

g m

where

N is the rate of heat output from the condenser (kW)

Nm is the electrical or mechanical power or rate of heat innut to

the heat pump, including auxiliaries (kW).

For the heat pump system (including drive subsystem):

N
COPf ht/N

SPF /N

eff p

SPeff = /Qp

where

Nht is the total rate of heat output (kW);
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Qht is the total heat output per season (kJ);
N is the sum of
P

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

Nax, the power input to the auxiliaries (kW)
aux

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

auxiliaries (kJ).

For the heat pump system, including electricity generating effi-

ciency:

COPff = ht/N

SPF =ht/Q

where

p = Nht + (Naux/el)

Qp= Qht + (Qaux/'el)

Tel is the efficiency of production of electricity when thermally

generated, and this efficiency is difficult to define accurately.
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4. Research and Development Trends

4.1. Background

The identification of the current trends in the research and deve-

lopment of advanced heat pump systems has been based on the infor-

mation collected with the assistance of the national teams, and

also from literature surveys, contacts and discussions with manu-

facturers, researchers and experts in the various systems and re-

lated technology.

The derivation of R&D trends followed the matrix presented in the

Technical Background Document of this Annex I and presented in an

expandend form in Figures 3-1 to 3-5 in Section 3 'Technical Deli-

mitation'. Figure 3-1 shows the possible combinations of heat pump

cycles and drive methods. The latter are broken down by the method

of production of the work (or its heat equivalent, commonly called

exergy) which has to be expended to convert energy (low grade heat)

to exergy (high grade heat) in a heat pump. The linking of drive

cycle and heat pump cycle forms the complete heat pump system. The

commonest system is given by the electric motor driven Rankine cyc-

le, while the various sorption cycles can be considered as combined

heat pump and drive cycles /27/. Not all combinations of drive and

heat pump cycles are possible, since some heat pump cycles require

a heat input (compression types) and others both (e.g. absorption

and absorption-compression), or electricity (electrodynamic). Fi-

gure 3-2 shows the classification of heat pumps by application and

size, i.e. thermal output, while Figure 3-3 shows the required dis-

tribution temperatures for each application. Further complication

is added by the choice of heat source and the non-technical factors

such as climate, availability of fuels, etc.

The trends are best considered under the classifications of heat

pump, i.e. sorption, compression and electrodynamic, with the drive

as a subclassification.
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4.2. Sorption Systems

The R&D trends concerning sorption systems have been in two major

areas, firstly fossil fuelled liquid/vapour systems (absorption,

resorption etc.) for space and water heating and secondly the so-

lar energy driven systems to provide heating, cooling refrigeration

and airconditioning, using all sorption techniques. The R&D trends

in both areas have been towards the utilisation of classical sorp-

tion cycles and working pairs, such as NH3/H20 for fossil fuelled

space heating, but also towards the identification and use of new,

or previously little utilised, working pairs and cycles. This is

particularly true in the development of small space heating systems,

for example for single family houses, and for solar powered sys-

tems. Figure 4-1 illustrates the R&D trends in sorption systems.

The selection of system.type and working pair is primarily governed

by the temperature levels required for the absorber, evaporator,

condenser and generator. The latter is determined by the available

source of high level heat, whether solar, waste heat or fossil

fuel, while the evaporating and condensing temperatures are fixed

by the source and sink temperatures, which are functions of the

application.

Figure 4-1 also shows the range of working pairs under investiga-

tion or being utilised in systems under development. The two 'clas-

sical' working pairs NH3/H20 and H20/LiBr are stillstrongly fa-

voured in many countries for most applications, and most system

development is based on one or other of them. The search for new

working pairs is only a result of the well known weaknesses of

both pairs, which limit them to particular applications. It is quite

clear that it is extremely unlikely that a new working pair will be

found which will be applicable, with better performance, over the

complete range of conditions covered by refrigeration, cooling and

heating.

The R&D trends in sorption systems are best analysed under the

broad headings of the energy source used for generator heating,



drive
energy I solar I Ifossil fuel Iwaste heatenergy L_ Ifi L .

application D refrigeration space cooling space heating space heating space heating (large)
and cooling (small)

early trends H/LiBr _ __ _ _ R22/E181 - NH - H LiB r

later trends D CHOH/LiBr H/LaNi H O/LiBrSCN CH OH/LiBr NH NaSCN CH NH /HO R22/CH (CH 2 -- H/LiC)
NH /CaCl2 H2/Zeol0te Hi /LiCI NH /LiN C2-N2A/2O other 6rganics

H2O/NaS2 Rd2/
dimethyl-
formamide

system types D single stage single stage absorption multistage absorption
ab-/adsorption and resorption absorption/resorption

absorption/compression

Fig. 4-1: R+D trends in sorption systems
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with further discussion based on the application and working pairs.

4.2.1. Solar Driven Systems

The major factor in solar driven systems is the low level of tem-

perature available for heating the generator of the system. With

flat plate and non-focussed collectors the generator feed tempera-

ture will in general be less than 1000 C and the system would have

an average generator operating temperature of 80 - 90°C. The low

generator temperature requirement has focussed attention on the

H20/LiBr single stage absorption system except where the evapo-

rating temperature is likely to be lower than 0°C. Thus for solar

powered space coolers, air-conditioning, and combined heating and

cooling H 20/LiBr shows superior performance than the alternative

absorption ,cycle working pairs, and systems are under development

in many countries /28, 29, 30, 31, 32, 33/.

Work is also known to be taking place, though no references have

been found in the literature, in the Institute for Environmental Re-

search, Graz, Austria; Ohio State University, USA; Arizona State

University, USA; University of Maryland, USA. Single stage absorp-

tion systems are also being developed using variations of the H 20/

LiBr system, such as with open generator /3 4, 35/, or adding other

salts, such as LiSCN to increase performance, to broaden the region

of operation without crystallisation and to allow air cooled con-

denser and absorber operation. Other developments are based on the

use of methanol (CH3OH) as working fluid instead of water /36/ or

lithium chloride (LiC1) as solvent /37/.

For solar refrigeration, with evaporating temperatures in the range

<0 C, the trend is towards systems using NH3 /H2 0 /38, 39/ (and E.1-

so at the Lawrence Berkeley Laboratory, University of California,

University of Florida, Illinois Institute of Technology, India In-

stitute of Technology, Madras, Eidgenossische Technische Hochschule,

Zurich), methanol/LiBr /40/ or NH3 with solid adsorbants such as

CaCl 2 /41/.
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Recent additions to the group of solar driven systems are those

based on the adsorption of a vapour or gas by a solid. The favoured

refrigerants are hydrogen with metal hydrides such as lanthanum

pentanickel (LaNi5) alloy as sorbant /42, 43/, water with zeolites

/44/ or sodium sulphite /45/ or potassium thiocynate (KCNS) /46/

as sorbant. All these systems and some of the NH3/H20 systems /38/,

are periodic in operation, i.e. they require flow reversal rather

than continuous indirectional flow.

4.2.2. Fossil Fuel Driven Systems

The main group of systems, which are of interest in Northern Euro-

pe and the USA, are those which are suitable for both space heating

and cooling or for space heating only, using fossil fuel to heat

the generator. The two classical working pairs NH3/H20 and H20/LiBr

have been the focus of development for this purpose although their

disadvantages (toxicity of NH3, freezing and crystallisation with

H 20/LiBr) have resulted in efforts to find alternatives.

NH3/H20 systems are currently being developed for the single family

house application for space and water heating using single stage

absorption /47/ (and also at British Gas Corporation, London) or

by resorption /48/. However, the toxicity of NH3 makes it unattrac-

tive for this application (indeed it is prohibited in Japan for

this purpose) and since space heating under European and US condi-

tions with air as heat source requires evaporating temperatures

in the range +10 to -10, and perhaps to -20°C the H20/LiBr system

cannot be used. Thus, it is for this area of application that a ma-

jor trend has developed to find and use alternative working pairs.

One such pair, R22/E181, has been chosen for a system currently

under development /49, 50/.

Many studies are underway to find better working pairs /51, 52, 53,

54, 55, 56/ (and Columbia Gas System, USA) particularly for this

application for solar cooling or for vehicle cooling /57, 58/

(which has similar operating conditions). Several approaches are
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being attempted:

a) improvement of the performance of H 20/LiBr systems by reducing

the temperature at which crystallisation occurs through the

addition of other salts /51/;

b) using NH3 as refrigerant, but with alternatives to H20 as ab-

sorbant (such as NaSCN /51/, LiNO3 /52/ or KSCN /46/) to avoid

use of a rectifier;

c) using H20 as refrigerant, but with alternatives to LiBr as

absorbant (such as LiCl or other metal salts /59/) to avoid

crystallisation problems;

d) replacement of NH3 as refrigerant by other fluids such as

CH3NH2 (methylamine)or C2H5NH (ethylamine) with H20 as absor-

bant, to reduce the problems due to toxicity and explosivity;

e) search for organic working pairs such as R22/E181 /51, 52, 53,

54, 55, 57, 58/ to avoid the safety and rectification problems

of NH /H20 and the crystallisation problems of H20/LiBr.

So far little has been published to show that a suitable working

pair has been found, though the fact that Allied Chemical /60/ and

Columbia Gas Systems are developing systems based on unnamed orga-

nic working pairs is hopeful.

4.2.3. Waste Heat Driven Systems

Waste heat driven systems are generally for industrial use, or use

industrial waste heat for applications such as district heating.

The waste heat sources can be used solely for heating the genera-

tor or for heating both the generator and as source for the evapo-

rator. Under these circumstances the traditional working pairs

NH3/H20 and H20/LiBr can be utilised to good effect, since large

units can be multi-staged.
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Where low pressure steam or low pressure water can be made availab-

le, e.g. from burning waste gas, or by heat recovery from flues or

from iron and steel furnaces etc., the NH3/H20 system can be used

to provide district heating. A two stage system (two stage evapo-

ration and absorption) is currently under development, using gas

from a coke oven to heat the generator and cooling water from the

oven at 60 - 75 C for the evaporator. Hot water is provided from

the condensers and absorbers at 80 to 100°C for district heating

/61/. A single stage H20/LiBr unit is also under development for

the same purpose and with similar temperature levels /40/, and al-

so with a variant utilising a large quantity of medium temperature

water (at about 60 C) to provide a smaller amount of heat at a

higher temperature ( 80°C), and rejecting heat to the environment.

A similar system to the latter, but based on NH3/H20, called the

'Heat Transformer' has also been proposed /62/. These systems are,

in effect, thermodynamically equivalent to heat engines rather

than heat pumps since they operate with the condenser rejecting

heat at a low temperature and the evaporator absorbing heat at

high temperature. Nevertheless, the effect is to provide high grade

heat from a low grade source using the same technology as absorp-

tion heat pumps and refrigeration systems. A further development

has been in the use of absorption-resorption and two stage absorp-

tion systems, e.g. using NH /H20 /63/, which are being evaluated

for incorporation in chemical engineering processes such as the

production of styrene and cyclohexane.

4.3. Compression Systems

The R&D trends in compression heat pump systems are summarised in

Figure 4-2. The initial trends were in the development of the well

established electric motor driven Rankine cycle heat pump (the names

'reversed Rankine' or 'Clausius-Rankine' cycle are often used to

distinguish this refrigeration cycle using organic fluids and

isenthalpic expansion from the steam power cycle commonly called

by this name). Later came the development, particularly in Germany,

Denmark and Holland, of internal combustion engine driven



compression systems |

drive
energy solar fossil fuel | I waste fuel

application D space cooling space heating space heating space heating
and cooling (small) (large)

and district heating

early electric-Rankine electric-Rankine Diesel-Rankine

~~~~~~~~~~trends .*'"~~~~~ 1 ----- ~ I1 -X-II . XOtto-Rankine

Rankine-Ranki Rankine-Rankine Otto-Rankine Rankine-Rankine
Brayton-Rankine Rankine-Rankine Brayton-Rankine
Stirling-Rankine

later
trends Ericsson-Ericsson

Fig. 4-2: R+D trends in Compression Systems



4-9

Rankine systems using Diesel and Otto engines, while in the US and

several other countries R&D has concentrated on external combustion

engine driven Rankine cycle systems. Drive cycles under develop-

ment include organic Rankine, steam Rankine, Stirling and Brayton

(or Joule). In the US a further development is in the combined

Ericsson drive, Ericsson heat pump unit. The different trends can

be attributed to the requirement in the US for summer cooling as

well as winter heating and thus the preferred use of air as the

distribution medium, the availability of solar radiation as drive

energy in a large porportion of the US, and the spin off from

aerospace technology. In Germany and other European countries the

requirement was for heating only, using hot water as distribution

medium for multi-family houses. The heat load for this application

could easily be matched by that of available technology, such as

industrial refrigeration compressors and engines.

The range of systems under development is given in Table 3-1, with

classification by thermodynamic cycle for the drive and heat pump

and also by the type of machinery used. The latter include recipro-

cating free piston (in which the work transfer is direct and not by

a mechanical linkage), rotary (e.g. Wankel) engines and compressors

(e.g. screw or rotary vane), and turbo (i.e. centrifugal) turbines

and compressors. It is self-evident that not all combinations are

possible or desirable, and that the most attractive systems are

those which combine the possibility of good performance with sim-

plicity. Thus the combinations listed in Table 3-1 are those that

have been identified as meeting these requirements for particular

applications and which are currently the foci of R&D. The initial

criteria for performance are that the conversion of heat to work is

highly efficient and that the remaining heat is rejected in a way

that allows it to be easily recovered and combined with the heat

output of the heat pump.

It is clear from Figure 4-2 that most systems are fossil fuel dri-

ven and so it is more appropriate that the R&D trends for compres-

sion systems be considered under the headings of drive and heat
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pump cycle combinations rather than under the energy source for the

drive system (as was used for sorption systems).

4.3.1. Electric Motor Driven Systems

The R&D trends in electric motor driven heat pumps have been dicta-

ted by the climate, housing pattern and available sources and

fuels in each country.

The major developments in electric driven heat pumps have occured

in the USA, where there has been a strong demand for air-conditio-

ning in many parts of the country since the 1950's. Thus the initial

developments were towards reversible air to air, and for larger

applications air to water, systems capable of providing summer

space cooling and a proportion of the winter space heating required.

The trends in the 1970's were firstly to improve reliability, the

lack of which has previously been a factor limiting sales of

equipment. Studies of the modes of failure of existing equipment

indicated major deficiencies in the compressor design, controls

and associated electrical equipment /64/. As a consequence of this,

improvements were made to compressor design (better motor design

and insulation), suction accumulators and sump heaters were added

to avoid compressor flooding during starting and reversing, simpler

controls were provided (replacing expansions valves by capilliaries),

improved manufacturing techniques were used to reduce the possibili-

ty of leaks and to improve system cleanliness, and better outside

coil design and defrost control were developed to minimise frosting

and defrosting losses.

Later an improved performance standard (ASHRAE STANDARD 90-75) was

introduced /26/, which set higher standards for both heating and

cooling performance. To achieve these standards manufacturers

have introduced larger heat exchangers, speed modulated compressors

and more efficient fans /65, 66/.

The requirements of the ASHRAE standard 90-75 are given in Table
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4-1, from which it can be seen that the heating COP of new air to

air systems (after 1 January 1980) is required to be greater than

2.5 at source temperature +8.30C and 1.5 at source temperature

-8. 3C. Although the existence of standards has no doubt led to an

improvement in designs, it is nevertheless true that these perfor-

mance standards are still insufficient to make electrical heat

pump systems justifiable solely on the basis of energy conserva-

tion. On the other hand their use results in the substitution of

other fuels for oil. Subsequent developments in the USA have been

towards the production of systems for use in northern climates,

where cooling is unnecessary and external winter conditions are

more severe. Such systems use either air or ground water as source

and have electric restistance heaters, oil or gas fired furnaces

as backup /66, 67/. In Germany the same trend, towards fossil fuel

fired back-up systems, has also been strong /68/.

These 'bivalent systems', usually consisting of an electric air to

water heat pump with oil or gas fired boiler back-up, have been

extensively promoted by the electric utilities and heat pump manu-

facturers, as the use of a fossil fuelled back-up avoids the maxi-

mum demand period of the whole electricity system. However, the

increased capital cost and complexity makes them unattractive to

the user, while the gas utilities have tried to discourage the use

of gas fired back ups because of the peak demand such systems make

on their network /69/.

In countries with a high proportion of hydroelectricity direct elec-

trical back-up systems are common, and with the high standards of

thermal insulation which are obligatory in countries such as Sweden

the heat pump can be incorporated into the ventilation system

(which is often necessary to ensure controlled air changes). This

results in a high system efficiency, since the evaporator can be

placed in the warm exhaust air and the condenser in the cold fresh

air inlet. Alternatively, air to water systems are used with direct

electric heating incorporated in the flow system after the heat

pump. One such system uses a so-called 'regenerative cycle' invol-
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HVAC-SYSTEM Heating Equipment (Heat Pumps)

Minimum COP

Air source Water source

°F 47 db/43 wb 17 db/15 wb 60
Outdoor temperature . C 8.3 db/6.1 wb -8.3 db/-9.4 wb 15.6 entering

Beginning January 1, 1977 2.2 1.2 2.2

Beginning January 1, 1980 2.5 1.5 2.5

Performance at sea level

ASHRAE STANDARD 90-75

Table 4-1 : Requirements of ASHRAE Standard 90-75
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ving bypassing the expansion devices for about 15 % of the opera-

ting time, so increasing the system capacity by about 30 % without

increased power consumption /70/.

In Britain and Ireland the trend has been towards the development

of small air to air systems suitable for single room /71/, and

small (or well insulated) single family house heating /2, 72, 73/.

The use of air as a heat distribution medium follows from the

attempt to achieve low capital cost and high performance and also

to gain from US experience, though this was a result of the re-

quired summer cooling (which is not necessary in the British Isles),

and even though most central heating systems in Britain use water

as a heat distribution medium.

Later, more general trends in the development of electric motor

driven heat pump systems have been towards alternatives to ambient

air as sources /7/. One such trend has been towards the exploita-

tion of the ground as heat source. Although previous work (e.g.

by ERA in England in the 1950's) had not been successful, the re-

awakened interest in the ground as heat source /74, 75/ lies in its

high heat capacity and low amplitude and frequncy of temperature

oscillation, which makes it particularly attractive in countries

such as Sweden and Canada which have winter minimum air tempera-

tures of less than -200C.

Current efforts are directed towards low cost optimised systems,

using both horizontal pipes /76, 77/ and vertical pipes /75, 78,

79/. The latter would appear to offer considerable advantages over

the former in regard to ground area requirements and installation

cost. Another alternative source currently being extensively in-

vestigated is solar radiation, either using conventional solar

panels /80, 81, 82, 83, 84) or specially developed solar roofs

/85/. Other sources which are currently being examined for use with

electric heat pumps are geothermal /86/, surface water /1/ and sea

water /8/.
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Another R&D trend has been towards better compressors, both from

the efficiency and reliability aspects. Improvements to the designs

of hermetic and semihermetic reciprocating compressors, which pre-

dominate in the size range< 50 kW (electrical power input), are be-

ing made which should yield benefits at little increase in cost.

These include better motor and compressor design /87/, use of

speed control /88/ and recovery of the compressor waste heat by

simple means /89/. Meanwhile advanced small rotary compressors are

being developed by Fedders, Prestcold and others /90/ which have

the advantages of small size, less complex construction, insensiti-

vity to liquid flooding, and the potential for improved efficien-

cy. For larger systems, the trend is towards screw and centrifugal

compressors which have similar potential advantages to the rotary

compressors and also the ability to operate at higher condensing

temperature, suitable for district heating or industrial applica-

tions /91, 92/. A novel development is a free piston electrodyna-

mic compressor /93/ driven by a linear motor, which has the poten-

tial of being easily capacity controlled.

Finally, the use of nonazeotropic mixtures of working fluids has

been shown to give increased performance /94, 95, 96/, though

they require larger heat transfer surfaces than single fluid sys-

tems.

4.3.2. Internal Combustion Engine Driven Systems

Internal combustion (i.e. Otto and Diesel) engine driven heat pumps

were first utilised during the last decade for swimming pool and

leisure centre heating /97/, an application for which electric mo-

tor driven systems have also been used. Often combined heating and

cooling is necessary in this application (e.g. in airconditioning

or combined skating rink/swimming pool/sports hall complexes) ma-

king a heat pump system the natural choice. The advantages of using

engine driven systems are that a substantially higher coefficient

of performance can be achieved /97, 98, 99/ than with electric heat
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pumps and higher output temperatures can be obtained while still

using R12 or R22 as work fluids. These commercial heat pump in-

stallations have generally used medium to high speed (1,000 -

2,000 rpm), four stroke, gas (i.e. Otto) engines of the type used

for standby generators, and other stationary purposes, and which

have shaft powers in the range 150-750 kW /100/.

The R&D trends in internal combustion engine driven heat pumps are

summarised in Figure 4-3.

The trends have been dictated by the availability of fuels and

suitable engines. Though Diesel engines have generally higher ef-

ficiencies than Otto engines, the general preference has been for

gas engine driven systems, because of the lower fuel cost, the

lower dew point of the acidic components in the exhaust and soo-

ting problems with Diesel exhaust. Most of the developments in

the use of internal combustion engine driven heat pumps have oc-

curred in West Germany, and there the majority of installations

use gas engines, since a natural gas network serves the major po-

pulation centres. The trend in Scandinavia is towards Diesel sys-

tems since natural gas is not at present available in Sweden or

Denmark.

The availability of suitable engines is one of the most important

factors in the R&D trends. Present systems utilise commercially

available Diesel or Otto engines, previously developed for marine

and industrial uses. The second stage of development utilised

high speed Diesel engines of the type used for vehicle drives

/101, 102/, with shaft powers in the range 100-250 kW. Later de-

velopments have been towards the use of large, medium speed, Die-

sel engines for district heating systems /103/, and adapted auto-

motive Otto engines for systems requiring thermal outputs of about

100-200 kW (W 50 kW shaft power) /21/. A particularly interesting

development has been the use of Wankel engines for this purpose

/104/.
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For small systems (thermal output in the range 10-100 kW) both

Otto /105/ and Diesel /105, 106/ systems are under development in

West Germany. However, current models are air cooled and consequent-

ly have lower performance than equivalent water cooled systems, in

which the engine heat is added to the heat pump output.

Thus internal combustion engine driven heat pumps are available or

are at the later stages of development for thermal outputs in the

range 10 kW to 10 MW, i.e. almost the total range of interest.

Current developments also include Otto engine driven higher tempe-

rature machines for industrial purposes /107/, the improvement of

system design, for example by the use of corrosion resistant ex-

haust heat exchangers and novel silencing techniques, and the de-

velopment of systems which utilise other sources of prime energy.

The latter include a heat pump system utilising colliery gas for

fuel and colliery cooling as the heat source for a district heating

scheme and an Otto engine driven system using bio-gas produced from

a wood gasifier for a small district heating scheme in Switzerland.

The majortrends for internal combustion engine driven systems are

therefore firstly towards large systems to capitalise on the higher

efficiency obtainable from the use of large engines and waste heat

sources, and secondly towards medium-sized systems, using low cost

series produced automotive engines. The development of small sys-

tems (less than 100 kW output) has been hindered by the relatively

high specific cost, lower efficiency of small engines, unavailabi-

lity of water cooled engines and anticipated problems with lifetime

and service. Current R&D trends are towards overcoming these prob-

lems.

4..3.. External Combustion Engine Driven Systems

At present no external combustion engine driven heat pumps are

commercially available. Research and development has concentrated

on two possible drive cycles, the Rankine and Stirling cycles, each

of which shows particular advantages for this purpose. The Rankine
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cycle has been selected as a possible drive cycle because systems

can be developed with a combination of drive and heat pump cyc-

les, to give a mechanically simple unit which is suitable for

either fossil fuel or solar powering. The Stirling cycle on the

other hand has been chosen by others because of its promise of

high efficiency, low noise and reliability. Both systems, like the

absorption systems, can be multifuel devices and produce low pol-

lution levels.

4.3.3.1. Rankine-Rankine Systems

Rankine-Rankine systems are being developed using either one or

two separate working fluids for the driveand heat pump cycles.

The advantage of the latter is simplicity, having a single conden-

ser for both cycles and no problem with sealing between the expan-

der and the compressor. On the other hand, the use of a single

work fluid results in an inability to optimise both the power and

heat pump cycles, giving either an excessively low heat pump eva-

porator pressure or an excessively high feed heater pressure.

Figure 4-4 classifies the systems currently under development by

whether they use a single or two work fluids, the type of machi-

nery used for expander and compressor, and by the drive cycle fuel

and application. The combination of drive cycle expander and heat

pump compressor is generally dictated by the application and fuel,

and thereafter the working fluids are selected to suit the machi-

nery. It is clear that the combinations of machinery are dictated

by the fact that the characteristics of one should match that of

the other and so in most systems machinery of the same generic

type (e.g. rotating or reciprocating) are used for both components.

Thus for large systems turboexpanders and compressors have been

selected, since these have high efficiencies and are compact. For

large systems water /108/ or a low pressure organic fluid /109/

has been chosen for the drive cycle work fluid with a normal halo-

genated hydrocarbon refrigerant (such as R22 or R113) for the heat

pump fluid. For small systems many developments are also based on
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turbo machinery though these, for the sake of simplicity, use a

single work fluid (such as R11, R113 or R114) /110, 111, 112, 20/.

Alternative approaches for small systems are to use a combined

free piston expander and compressor /113, 114/, or a combined ro-

tary-vane expander-compressor /115/ with a single fluid (usually

R11 or R114), a rotory expander with a normal reciprocating com-

pressor with R11 as the power cycle fluid and either R12 or R22

as the heat pump fluid /116/.

Because of its superior performance R11 is favoured for solar

powered single fluid applications, while R114 is favoured for

fossil fuelled systems because of its higher thermal stability.

4.3.3.2. Stirling Cycle Systems

The development of Stirling engine driven systems is at a very

early stage, whether these are driven by the socalled kinematic,

i.e. mechanically driven, piston engines or by the more novel free

piston systems. Figure 4-5 shows the R&D trends in Stirling-

Rankine systems.

In the case of the kinematic engines the developments are general-

ly based on earlier work in the Netherlands by Philips on Stir-

ling engines, while the free piston systems are being developed in

the USA.

Kinematic Stirling engines suitable for driving heat pump cycles

are not commercially available and are generally at an early stage

of development. Philips are still active in developing their en-

gine /16/, while United Stirling in Sweden /117/ are at an advan-

ced stage of development of a series of medium-sized engines for

automotive use which could be used for this application. British

Aerospace have patented a machine which could be used for both

drive and heat pump cycles /118/, while MAN and MWM some

time ago established a joint company to develop Stirling engines

/119/. Research is also being conducted on the practical applica-
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tions of kinematic Stirling engines to drive conventional Rankine

cycle heat pumps /16/, and also at the Technical University of

Denmark into a combined Stirling drive-Stirling heat pump unit to

produce both heat and power.

Free piston Stirling engines are also being developed, and since

these are unsuitable for providing a rotating drive for conven-

tional heat pump compressors, special inertia piston compressors

are being developed at the same time, with both the Stirling

engine and Rankine compressor being in a single hermetic unit.

A major development effort is by GEC in the USA, under the spon-

sorship of the Gas Research Institute and the U.S. Department

of Energy /17, 56/, and also by ERG (also in the USA) /19/.

Both systems are air to air units, for both cooling and heating

are suitable for single family house use.

Another Stirling system under investigation is the liquid-piston

heat pump /121/, which uses an oscillating liquid column within

U-tubes to perform both the functions of drive and heat pump cyc-

le. This has the advantages of simplicity since is has no mecha-

nical moving parts.

4.3.3.3. Brayton/Joule Cycle Systems

A gas turbine on the Brayton cycle is being developed by AirRe-

search in the USA for use as the drive for heat pump systems /17,

18/. This development uses a sub-atmospheric pressure regenerative

gas turbine with heat recovery to drive the turbo-compressor of

an air to air Rankine cycle heat pump through a magnetic coupling.

This system is intended for commercial building heating and coo-

ling.

The air (or Joule) cycle has also been considered for use for the

heat pump subsystem /122/, particularly for applications when hot
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(and dry) air is required, such as industrial drying. The Joule

cycle, though having a high theoretical efficiency, suffers from a

high sensivity to irreversibilities and the properties of the work

fluid and so efforts are aimed at improving its performance by in-

jecting water /123/ or another condensible vapour /124, 125/ to re-

duce compression power.

4.3.3.4. Ericsson Cycle Systems

Benson /19/ selected the free piston Ericsson-Ericsson system as

having the highest potential for heat pumping of all the possible

free piston systems and this system is being developed by ERG.

It is envisaged that such a machine could be either fossil fuelled

or solar powered, and the possibility of achieving near optimum

performance from both cycles, combined with its self-modulating

characteristics and possible simultaneous provision of heating or

cooling and electricity generation, are the motives for the deve-

lopment of this machine.

4.3.3.5. Other Compression Systems

Two other developments using compression of a gas or vapour as the

principal technique in achieving the heat pump effect are the use

of an ejector system /24/, or by a heat pipe /126/ (in which the

compression and expansion processes occur, and through which heat

from the source and heat to the sink are transferred). The former

device is suitable for industrial applications where available high

pressure steam can be used to drive the system, which is used to

recover waste heat. The latter is suitable for the generation of

cold using solar generated heat.
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4.4. Other Heat Pump Systems

The thermoelectric heat pump, using the Peltier effect, continues

to be developed for heat pump applications though the intractabili-

ty of finding pairs of conductors which show a high Peltier effect

(high conversion efficiency from electricity to heat and cold) with

low thermal conductivity has resulted in no practical use for this

technique in the thermal output range of interest. However, recent

developments suggest that the effect combined with semiconductor

photoelectric devices could be used for solar cooling applications

/127/.

Another development has been in the use of the magnetocaloric

effect first reported in 1918. Such a system, which is similar in

principle to the Joule or Brayton cycle, has been built and tested

in the USA /128/. Initial experiments show that the system opera-

ted, though inefficiently, and that the most likely applications

would be at low temperature (477 K).

4.5. National R&D Trends

Tables 4-2 and 4-3 summarise the national R&D trends related to

heat pump systems and to their sources and sinks respectively.

It is clear from Table 4-2 that in the USA, R&D has concentrated

on those systems which can provide both heating and cooling or

which can be solar powered, while in northern Europe emphasis has

been on heating-only systems and those which can be fired by natu-

ral gas or oil. In southern Europe and Japan there is a similar

trend to that in the USA, since in these countries there is also a

requirement to replace electric reversible airconditioners by solar

powered systems.

The overall R&D trends can be summarised as,

(i) the development of electric systems,

(ii) internal combustion engine driven systems,

(iii) external combustion and solar powered systems.



Drive Energy E G/O/S GG//S S G/O/W G G/O G/O/S G/0/S G/O/S G/O G/O/E G/O/S E/G/O/S

Drive Cycle Electric tor - - Otto Diesel Rankine Stirling Stirling Brayton Irayton/Electric Ericcson other

HP cycle Rankine 1 Stage Absorption 1 St.Resorption Adsorption Multlstage Sorptlio Rankine Rankine Rankine Rankine Stirling Rankine Joule Ericcson

Applic - H HH// H H/C C H H/C C H C H H/C C H H/C H H/C H H/C C H H/C C HiH/C C H/C H H/C C H/C H H/C C

Austria*** lo

Belgium

Canada

Denmark **S *** *

Germany **** *** *** * ** ** * **

Italy *** **0 *** * * *

Japan *** *** *** **

Netherlands/ ** *H a C

Spain

Sweden*** * *** ***

Switzerland * * * ' ** ** **' ** *

U.K. S$S $s $*5 * s

j** U.S.$ Sn $ $ * S$ S.. $ «** *$ ** $s

Notes E Electric * Low level R+D: conceptual studies
G Natural Gas ** Medium level R+D: theoretical studies, computer modelling, laboratory scale experimental work
0 Oil based fuels *** High level R+D: full scale prototype construction and testing; detailed theoretical, computer and laboratory work; application
S Solar
W Waste heat
H Heating only
H/C Heating and Cooling
C Cooling only

Table 4-2: Summary of national R+D trends: heat pump systems



Country Sources Sinks

air ground solar water water air

ve ho gr su se wa ge

Austria ++ +++ +++ + + +++

Belgium +++ +++ +++

Canada +++ +++ +++

Denmark +++ ++ +++

Germany +++ +++ +++ +++ +++ +++ +++ +++ +++

Italy +++ +++ + ++ +++

Japan +++ +++ ++ ++++ ++ +++ +++

Netnerlands +++ +++ +++++

Spain + + +

Sweden +++ +++ + ++ + ++++++ +

Switzerland ++ ++ ++ ++ ++ +++ + + +++

U.K. .++ ++ +++ +++

U.S. +++ +++ + ++++ +++ +++

Notes ve vertical gr ground water se sea water ge geothermal water

ho horizontal su surface water wa waste water

+ low level R+D : conceptual studies
++ medium level R+D : theoretical studies, computer modelling, laboratory scale experimental work

+++ high level R+D : full scale prototype construction and testing; detailed theoretical, computer and laboratory work; application

Table 4-3: Summary of National R+D Trends: Sources and Sinks
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5. The Case Studies

5.1. 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 (ince 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. The case studies are

attached to this volume of the report as Appendix I.

Table 5-1 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 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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Het pp Heat pump cycle Drive Thermal
Heat pump Heat source output Case study?
profile No. type fluid(s) type fuel

kW

1 absorption NH /H 0 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 amb. 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 H 0/Na S solar solar 15-20 yes2 2
11 absorption HO /LiBr solar/gas room air 34 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 H 0/LiBr direct kerosene waste water > 2000 yes

20 abs./Ran. H O/LiBr// motor electricity waste water > 2000 yes
Re14

Table 5-1: 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.

5.2. 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 -10°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

COPeff) 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.





6-1

6. Strengths and Weaknesses

6.1. 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, vibrationpollution,

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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6.2. Performance

6.2.1. 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 COP and Nht. The latter take account of the sensitivity
:g ht'

to source temperature variations, the power required for auxilia-

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

factor determining the SPFeff 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

CPeff COPg .m '+ f (

where COPg 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. 6-1 is a graph

of COPeff against 'm for various values of COPg and f with the

ranges of nm for various drives identified. From Fig. 6-1 the

following conclusions can be drawn:

a) The same COPeff can be achieved by different combinations ofm,

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

0= 0.2, COP = 3 and f = 1.0 (a Rankine-Rankine system) or

with vm =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 7m.

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

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

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

than boilers.

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

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

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

e ffFig. 3-4 shows the average COPeff for different systems with 0°C

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 also ranked in Table 6-1 in order of COPeff under

similar operating conditions. The table includes the electric-

Rankine system driven both by hydroelectricity ( ela 0.9) and

thermally generated electricity (~ ¢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-e ff
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Fig. 6-1 COPeff 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

7m <0.27.

Order System COPff

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

Otto-Rankine 4-16 1.4-1.6
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 110 1.2
generation)

11 electric-Rankine (thermal power generation) 0.9

12 heat transformer 0.5

Table 6-1: Ranking of systems by COPeff at design point
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The absorption systems also have COP ef 1.5 while the electric-eff
Rankine system with thermally generated electricity has COPeff 0.9.

Lowest of all is the heat transformer with a COP ef 0.5.
eff

6.2.2. Below Design Point Performance

The variation of COPeff (Fig. 6-2 ) and capacity (Fig. 6-3 ) with

source temperature (usually outside temperature or loosely related

to the latter if either horizontal ground source or 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 6.2. 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, N , 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 (fr) though the evapora-

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

gerant used:

NenvC m r C c

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

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

between O°C and -10°C the mass flow rm decreases for both fluids
r

by a factor of 0.72. For R114 or Rll (used in rotary compressors)

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

R114 or R11 (e.g. Rankine-Rankine systems) would be more sensitive

to a decrease in source temperature than is suggested by Table 6-2

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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Fig. 6-2: COP, of air source heat pumps
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Fig. 6-3: Normalised output of air source heat pumps
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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 6-2 : 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 6-2 , to a first approximation, reflects the sensi-

tivity of systems to variations in source temperature. Thus the

systems with a 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 6-2
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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.

6.2.3. Auxiliaries

Another parameter that influences SPFef f 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 (c50 %) of such pumps (i.e. sblvent 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.
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6.2.4. Above Design Point Performance

Above design point operation of any system (see Fig. 6-3 ) 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 (45 %) 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 6-3 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. 6-3 , 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 6.3. and 6.4.).

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 (see Table 2.7.) and do not have its frosting prob-

lems. The ground can be used as heat source with either horizontal

or vertical coils. The former require a large surface area and fol-

low the air temperature fluctuation to some extent but with heavy

damping and reduced amplitude. They can also cause adverse environ-

mental effects by shortening the growing season and are costly to
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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 Diesel-Rankine 2:1 to

small Otto-Rankine drive speed 3:1 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 6-3: Ranking of systems by controllability
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instal. 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 SPFeff 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.

6.2.5. 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 COPef f and Nht with source temperature. In Section

6.5. the systems shown in Fig. 6-2 and 6-3 are compared for a

particular application and climate to assess their SPFe undereff
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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. 6-4 shows the percentage potential energy saving of

heat pumps as a function of the COPeff and the conventional boiler

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

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

Zb should be used.

From Fig. 6-4 some general points can be made:

1) All systems with COPef f 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.

6.2.6. 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 6-4 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, N, at 0°C ambient and 20°C in-
ht'

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
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Order COP cop+2) Relative3
eff eff

coolingpredicted U.S.Standard capacity
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 0.5

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 6-4 : 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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6.3. Design

The most important aspects of heat pump design are those relative

to performance controllability, reliability and cost, which are

discussed in Sections 6.2., 6.4. and 6.5. 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.

6.3.1. 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

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

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

in Western Europe.

6.3.2. 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 SPFeff of a system the greater the energy saving (see Fig.
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6-4 ), 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 6-5 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 6-5 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 (O C) % full capacity Ratio Advantages Disadvantages

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

at +3 C -15 C 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

cepactness,
low peak ak
demand

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

I~___________ ______________ I___________ _____city tariff

5 monovalent electric Rankine none -15 - 100 - 2.8 simplicity large size, high capital
cost, system grossly over=
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 OC) compactness,
internal _ ____flexibility_

continued overleaf

Table 6-5: 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 0°C) flexibility,

.._____________________________________ comactnessI_________________.compactnessss
9 bivalent- Diesel 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 6-5: 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.

6.3.3. Safety

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

explosion and toxicity. Table 6-6 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 (H2) 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 NH /H20 absorption systems system enclosure vented to atmosphere in event of leak,
or double-skin system

Toxicity leak of toxic substances NH /H 0 absorption systems system enclosure vented to atmosphere in event of leak,
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 6-6 : 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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6.4. 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.

6.4.1. Control

Controllability has been already discussed at length in Section

6.2. 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.

6.4.2. Reliability

Table 6-7 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 oil0 boundary thermal vibration thermal refrigerant oil liquid fluid
e migration lubrication stress stress migration migration slugging over-

during cycling cycling heating
non-equilibrium

~failure excessive excessive corrosion, fatigue, shaft excessive mechanical corrosion,failure > .
modes -> bearing general fatigue, leakage seal bearing damae eakage

jwear w e rwear leakage leakage wear

possible* 1, 2, 3 1, 2, 3 1, 2, 1, 2, 1, 2,
remedies ~> ,4 , 4 3, 4

Diesel-Rankine Rankine-Rankine (turbine) 1, 2, 3, 4, 5, 6, 7.
systems Otto-Rankine 1, 2, 3, 4, 5, 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 6-7 . 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 6-8

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

o. 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) (0C) (°C) (kW) (l/h) (hrs) (hrs)

1 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__ __

2 700 +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

_______~____ _________~__ __________________53700 hours

Table 6-S _ Reliability and service: Otto-Rankine heat pump systems
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life /21/. These are summarised in Table 6-9 , 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-Rankine 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 exhaust

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 6-9 : 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.

6.4.3. 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.

6.4.4. Service and Maintenance

The service and maintenance requirements and costs can at present

only be roughly estimated. Table 6-10 shows the service intervals,

service requirements and estimated costs for similar sized sys-

temsfor 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 6-10 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 Annual+

interval service 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

iesel-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 6-10.: 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 maintenance by skilled personnel could prove un-

reliable enough to spoil the developing market.

6.4.5. 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 6-11 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
System 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
tirling-Rankine CO NOx "50 dBA 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 NOx 550 dBA low possible peak demand on gas net- possible production of
(kinematic) (low) middle frequency work phosgene in exhaust
Rankine-Rankine CO NOx 30/40 dBA low/ low possible peak demand on gas net- possible production of
(turbine) _ _ high frequency _ work phosgene in exhause
Rankine-Rankine CO NOx "50 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) iddle frequency work possible phosgene charge
_________ ______ ________ _________ ______ production in exhaust

Brayton-Rankine CO NOx "50 dBA low possible noise nuisance possible production of local noise control re-
(low) high frequency __ phosgene in exhaust gulations

Table 6-11.: 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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6.5. Applications

6.5.1. 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. 6-4 )

- lower peak energy demand (see Table 6-5 )

- greater controllability (see Table 6-3 )

- less sensitivity to source temperature fluctuations (see Table

6-2 )

- less sensitivity to frosting (see Table 6-2 ).

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 6-12 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.



f u e I I e c t r i c Gas/Oil_
External Combustion __ Internal Coabustien

Rankine Stirling Otto ComentsDrive Motor -tto Diesel
Orive M _otor ~ (Turbine) (free piston) Otto D

Heat Pump Rankine Rankine Rankine Absorption Resorption Rankine Rankine

PERFORMACE
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 T high low medium medium medium medium
SPrFg 2.7(0.81) 1.2 1.5 1.2 1.1 1.5 COP atT = OOc,
Sensitivity to frostin high (3-5 %) low (1 -2 %) medium (2 ) low (1 - 2 %) unknown low (1-2 %) medium (- 2 % g
T ('C)at COPg = 1 *2(CDP 3.3) - -10 -10 -4 -4 4 -10 Tl = 45°C. For

Seff 
g 2.5 (0.75) 1.1- 1.2 1.3 1.1 - 1.2 1.1 _t 1.3 efers to etrii-eff refers to electrici-

Prime energy saving 0 25 - 30 40 - 45 % 25- 30 20 - 25 % 40 - 45 % ty efficiency of 0.3

DESIGN
Size (h.p. only) (e

3
) 0.5 - 0.7 4 1 0.9 0.8 - 1 > 1 1.3 1.2

Weight (h.p. only (kg) 150- 200 ~150 ~ 200 4 200 " 200 175 185
Back-up 50 %: external 50 %: internal 40 %: external 100 %: internal 100 %: internal 66 %: external 6 %: external 0
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 * on/off + on/off + on/off * n/off * on/off control
Safety: fire low low low IHi high; IH: high; low lw 'D

ot er: low otier: low
toxicity low low low INH: high; : high; low low

other: low other: low

OPERATION
Controlability 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 life (yrs) 10/15 15 15/20 15/20 15/20 10/15 10/15
Boise and Vibration medium low medium low low high high
Pollution high: distrib. medium: local medium: local medium: local medium: local medium: local high: local

FIRST COST (DM) Relative Cost is to-
Meat Pmp 8000/- -/3200 -/3000 8000/4000 8000*+/400+ 14,9000/- -/ 9,000 tal system cost di-
lack-up 2000 - 2000 - - 2500 2500 vided by total cost
Radiators etc 9000 9000 9000 9000 9000 9000 9000 of gas fired boiler
Total 19,000 12,200 14,000 17,000/13,000 ? 26,400/- -/20,500 system (est DM 12,000

Relative Cost 1.6/- -/1.0 -/1.2 1.4/1.1 1.4/1.1. 2.2/- -/1.7 irst o st, secd is
sent cost, second is

I1_ ___I__I____^ ___ _ _______ __ ___ I_______, target cost.

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

Table 6-12: Comparison of advanced heat pumps

for domestic heating
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The approximate order of merit under the four main headings are

given in Table 6-13.

criteria best middle worst

Diesel-Rankine absorption electric-Rankine

performance Stirling-Rankine jOtto-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-Rankive Otto-Rankine
first cost Rankine-Rankine Diesel-Rankine

Stirling-Rankine resorption

energy Diesel-Rankine absorption
savihng+ Stirling-Rankine Otto-Rankine electric-Rankine

~saving~~ Rankine-Rankine

absorption
oil sub- Otto-Rankine
stitution Rankine-Rankine

Stirling-Rankine electric-Rankine Diesel-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 6-13: Order of merit of systems for domestic heating (from

Table 6-12)

It is clear from Table 6-13 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-



6-41

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 minimalreduction 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 6-12 needs to be conditioned by

the relative cooling performance shown in Table 6-4 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.

6.5.2. 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.

6.5.3. 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 combustiblewaste 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 6-14 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 shortageslof 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 T (°C) Thermal out- COP* D.H. TH(°C) Back-up Stage
put (MW) 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 U'

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 6--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

6.15.) in order of merit for performance (i.e. COPeff 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/+500C 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

+ 0for water distribution temperature +80/+90°C, source tempera-

ture +10/+20°C.

++
see Table 6-13 for assumptions.

Table 6-15: Ranking of heat pump systems for district heating
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6.5.4. 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 1000 C. The major advantage in

the possible use of direct fired systems for these applications

would be the higher performance (COP ff) 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 1000°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 thistemperature 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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7. Conclusions and R+D Recommendations

7.1. 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 LPG+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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7.2. 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 applications, and to over-

come 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 programs 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.

The R+D needs have been classified by system type and are given in

Table 7.1. These are not listed by priority since many have been

integrated into the projects suggested as suitable for international

co-operation in Section 7.3. The remaining topics mainly apply to

systems under development and could be incorporated in the existing

work programmes or, where appropriate as part of national R+D pro-

grammes.
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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 7-1: 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- teas
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 7-1: 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 7-1: R+D Recommendations
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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-'00 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,
tens 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 coimunities

* 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 7-1: R+D Recommendations
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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 aid other subsidies
on heat pump development and use

Table 7-1: R+D Recommendations
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7.3. Suggested R+D Programme

The topics which have been identified as suitable for international

co-operation within the Advanced Heat Pump Study agreement of the

IEA are

1. Vertical earth heat pump systems

2. Development of low cost sorption heat pump systems

3. Development of heat activated drives for heat pumps

4. Integration of heat pumps into district heating schemes

5. Advanced heat source equipment

6. Establishment of a heat pump centre

7. Applications of heat pumps in industry

For each of these topics an Annex to the Implementing Agreement

has been drafted (item 1 by Sweden and item 7 by Belgium).

7.3.1. Heat pumps with vertical soil heat source systems
(Excerpt of a draft by T. Bostrom)

a) Introduction

The vertical type earth heat pump is designed in order to get

- high capacity (heat power) during the high load period

- high value of the coefficient of performance, COP and/or SPF

- less need for land area than the horizontal type earth heat pump

The investment costs seem today to be high and the operating costs

relatively low. It is therefore very important to make the invest-

ments in an optimal way from a technical and economical point of

view. Not only the soil pipe system but also the other parts of

the system must be designed properly. The heat pump itself does

not need much more development why the R+D-work can be concentrated

on

- subsoil accumulator system

- solar or convective heat collector.



7-11

Energy and power demand

The maximum power demand for space heating varies with the

ambient temperature and it is typical that the duration of the

peak load is very short. The power demand for domestic water

heating varies from day to day but the consumption per week

is normally very constant. The domestic water heating causes

a typical base load on a large hot water accumulator included in

the heat pump plant. This is much more important when using

heat pumps than e.g. oil fired boilers.

Capacity and COP

One must consider the combination of the heating demand and

the COP-curve if the result shall be useful and show any-

thing about the real performance data and economy.

With ambient air as heat source it is normal that the heat

pump is not running during the coldest part of the winter.

The "earth heat pump" can be designed for the peak load

and at the same to give higher evaporating temperatures.

Another advantage with high evaporation temperatures is

the increase in capacity or heat output of a specific plant.

If the evaporating temperature can be increased by about

10 K by using a soil heat accumulator the output will in-

crease by 35 to 40 %.

If one keeps the evaporating temperature high during the

winter the heating capacity of a specific heat pump (com-

pressor) will be higher, the seasonal performance factor

higher and the drive energy per year lower. In other words
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it is a method of energy conservation but the extra saved

kWh's and kW's must pay for the additional cost of the

accumulator and other additional equipment needed.

On the other hand the soil heat pump can be designed for

the peak load, no back-up systems is needed, the demand

for land area is relatively small and simple low tempera-

ture solar or air heat collectors can be used.

b) The project could be divided into the following tasks:

1. On:goinSgEnoects in the field of earth heat _umps

National teams report to an Operating Agent about tech-

nical and economical experiences reached so far for

differenttypes of earth heat pumps in their countries.

National teams should report known or estimated costs

for different parts of an earth heat pump, especially

those for the heat storage system, e.g. drilling costs,

and for the solar heat collectors. Available or planned

computer programs for simulation of different parts

should also be reported.
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2. Agreement on specific earth heat pump profiles which are to be

studied in the annex

Specific profiles, on the order of 5 - 10, for detailed investiga-

tion should be agreed upon. In these profiles different ways of

using the earth for heat storage and different solar collectors

and air batteries for recharging the storage should be included.

3. Basic technical and economical conditions

One important technical condition is the access to land areas with

suitable types of soil near the building stock. Rough estimates

of the potential for the different profiles agreed upon, with

respect to this technical condition should be made by the national

teams. Economic estimates concerning initial and operating costs

for the profiles should also be made. Hereby the reported experi-

ences about the economic conditions in item 1 could be used.

With the aid of the technical and economical conditions rough esti-

mates of the potential in each country will be made. Hereby the

interesting profiles for each country can be established. Further-

more, any profile uninteresting for all countries could be excluded

from the study at an early stage of the project.

4. Full-scale research plants

For such complex thermodynamic systems as earth heat pumps experi-

mental investigations are essential for increasing the knowledge

of both technical and economical aspects of the system. Therefore

measurements on and evaluation of several research plants will be

included in the annex. One or more plants could be co-projects

between the nations.

5. Measurements on and evaluation of the full-scale research plants

In order to make the measurements on and evaluation of the different

plants comparable with each other it is important that the measure-
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ments are made uniformly and detailed enough. Therefore the count-

ries should agree upon a common way of doing these measurements.

Such an international agreement should be of great value also in

other research projects in this and related fields. It should to

a high extent increase the possibilities of making meaningful com-

parisons of research results from different countries.

6. ComuteEr rograms

The technical results from the research plants must be possible

to transfer to other climatic conditions, other types of soil,

other dimensionings of the different parts of the systems etc.

For these types of calculations mathematical models in the form

of computer programs must be used. With such programs it is also

possible to work out "thumb rules" for the dimensioning of the

earth storage and the other parts in the system at various con-

ditions.

If one wants to make earth heat pumps commercially available it is

necessary to have tools for making appropriate designs-of the

storage volumes at various conditions. For this reason reliable

computer programs are essential. There exist already computer

programs and several are under development for the temperature

gradients in an earth storage system when heat is put into and

taken out of it. Such a system is very complex to model. Hence, all

the programs have rather great approximations in one way or an-

other. The results from the uniformly made measurements on the re-

search plants, according to item 4 and 5, provide a mean for test-

ing such programs at various conditions. Hereby it would be re-

vealed what approximations that are appropriate and, above all,

what parameters, e.g. composition of the soil, water content, dis-

tance between tubes, temperature level, that are important for the

design of the heat storage system.

Computer programs for the heat pump and for the solar collector/
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air battery system could also be tested with the aid of the re-

sults from the research plants.

7. Technical andeconomcal evaluation of the projec

With the aid of the results from items 4 - 6 a more reliable

estimate of the potential for different heat pump systems than

the one according to item 3 will be made. "Thumb rules" for the

design of different systems will be established.

7.3.2. Development of low cost sorption heat pump systems

a) Objectives and Definitions

1. Objective

The objective of this task is to encourage the rapid development

of sorption heat pump systems for single family house heating by

the establishment of a design, performance and cost specification

against which industry, supported as necessary by laboratories

and universities, can tender for a design study followed by the

construction and testing of prototypes suitable for series pro-

duction in large quantities.

2. Definitions

The heat pump systems included in the task would be

1. those acting on the principles of sorption and resorption of

a condensible vapour by a liquid

2. employing single or multistage absorption or resorption

3. using a non-classical working pair i.e. not NH3/H20 or H20/LiBr

4. using natural gas as fuel

5. using ambient air as heat source

6. using hot water as heat distribution medium

7. being for both central heating and domestic hot water or for

central heating only
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8. capable of operating as a direct hot water heater, or as com-

bined heat pump and direct water heater or including within the

same unit a separate hot water heater to meet the maximum heat

demand.

Single family houses to be defined as of houses with

1. maximum heat demands for central heating and domestic hot wa-

ter of between 10 and 20 kW

2. average heat demand of at least 50 % of the maximum to be met

by the heat pump only.

b) Scope

1.System Definition and Request for Tenders

Based on the information collected in Annex I and published in this

final report on the present status of sorption heat pumps and the

potential market for them a request for tenders would be prepared

and issued to the participating countries. This would contain

the following information

1. the projected market for the proposed system

2. the performance and capital cost objectives

3. the design requirements i.e. maximum dimensions and weight,

national and international standards, noise levels etc.

4. the operating principles and restrictions on possible working

pairs

5. the characteristics of the application, heat load etc.

6. the heat source and its characteristics

7. the heat distribution method and requirements

8. the fuel characteristics

9. requirements for the back up system

10. requirements for controls, safety etc.

11. test procedures to be followed.
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2. Design Stu d

From the tenders received a suitable number of contractors will be

selected to undertake the design study phase. This will comprise

1. selection of working pair and operating cycle

2. measurement and computation of fluid properties, if necessary

3. calculation of performance and conditions prevailing through-

out the cycle for the complete operating range

4. design concepts for all the system components

5. estimation of size and weight of the system

6. estimation of system first cost in series production

7. assessment of safety, noise and environmental factors

3. Prototype Construction and Provin

On the basis of the design studies a small number of systems would

be selected for the construction of prototypes. This would entail

1. detail design of the complete system

2. construction of a small number of prototypes of each system

3. proving under standard conditions for performance, safety and

reliability using agreed methods

4. Field Evaluation

The results of 3. would be used to choose the system or systems

for which a number of pilot production models would be commissioned

for installation in the participating countries for evaluation of

1. assessment of seasonal performance, energy saving and cost

effectiveness

2. assessment of consumer acceptability, controllability etc.

3. assessment of reliability and provision of service and mainten-

ance facilities
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4. from point 1. to 3. prove the applicability of the systems to

the anticipated market

7.3.3. Development of heat activated drives for heat pumps

a) Objectives and Definitions

1. Objective

The objective of this task is to encourage the introduction of high

efficiency heat activated drives for heat pumps using fuels, or

other sources of heat, which are not based on petroleum products,

by establishing international cooperation on the development of

combustion techniques, prime movers and integrated heat pump units

suitable for a range of applications.

2. Definitions

The drive systems included in this task would be

- Those producing mechanical work by the input of heat, that is

using thermodynamic cycles such as the Rankine, Stirling, Brayton

and Ericsson cycles, and rejecting heat in a form and at a tem-

perature so that it can be utilised in the heat pump unit. The

heat pump cycles included in this task would be those requiring

mechanical work as input, i.e. using similar thermodynamic cycles

as the drive systems.

The heat inputs to be included in the task would be

1. fossil fuels other than petroleum based ones i.e. natural gas,

coal and its derivatives

2. unconventional fuels such as biogas, biomass, wastes etc.

3. solar radiation

4. combinations of 1. with 2. or 3.
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The applications to be considered in this task would be

1. air-to-water or air-to-air, heating only, units with about 5 kW

maximum thermal output, suitable for small, well insulated,

single family houses,

2. air-to-water, heating only, units with thermal outputs in the

range 25 to 350 kW, suitable for heating multi-family houses

and commercial buildings,

3. air-to-air, reversible units with thermal outputs in the range

25 to 350 kW (heating) suitable for commercial building-air

conditioning,

4. solar-driven, air-to-air or air-to-water, reversible units

suitable for single family houses, shops and small commercial

building.heating and cooling,

5. waste heat source systems, with waste heat or fuel drives for

industrial applications, such as steam raising or high pressure

water heating, with large thermal outputs (> 250 kW)

b) Scope

1. Technology Study

1. Assessment of international state of the art technology from

Annex I

2. Survey of competitive technology for the applications listed in

a)2.

3. Survey of all the available fuels, their characteristics, com-

bustion techniques and necessary antipollution measures

4. Survey of other related technologies, such as organic power

cycle development, for possible spin off

5. Collection of characteristics and operating experiences with

existing heat pump plants and alternative installations

6. Summary of basic data relevant to the design of heat activated

heat pumps for the applications listed in a)2.

7. Development of the requirements for systems suitable for each

application, including the performance, first cost, fuel flexi-
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bility etc., in accordance with appendices 1 und 2.

8. Evaluation of all possible systems, using the data collected in

1. 1 to 7 to identify those which show promise for each appli-

cation and which are currently not under development or need

supporting R+D.

2. Market Study

1. Establish for each application the total potential market,

using as appropriate the results of Annex I.

2. Identify the availability of non-petroleum fuels, their loca-

tion and probable price range.

3. Assessment of the technical and other barriers which result

from the use of each type of fuel for each application with

reference to the conceivable market for each application

4. Assessment of the environmental barriers with reference to

the conceivable market for each application

5. Assessment of the legal and institutional barriers for each

fuel and system type with regard to the conceivable market

potential for each application

6. Assessment of the conceivable market potential and general

applicability by application, system type and fuel.

3. Development of an evaluation methodology

1. Analysis and choice of relevant parameters for the evaluation

of the environmental social and other non-technical impacts

of the use of heat activated heat pumps for these applications.

2. Analysis and choice of relevant parameters for the evaluation

of the thermal characteristics of heat activated heat pumps

for these applications.

4. Construction and_ _ evaluation of these heat___ l2ants
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7.3.4. Integration of large heat pumps into district heating

schemes

a) Objectives and Definitions

1. Objectives

The objectives of this task are

- to collect and evaluate data obtained by internationsl experien-

ce with large heat pump systems of different types and of com-

ponents suitable for them

- to assess the suitability and availability of different heat

sources for them

- to investigate the problems associated with recovering heat

from these sources

- to assess the impact of the use of such heat pumps in existing

and proposed district heating schemes

- the capability of such heat pumps to operate on nonconventional

fuels and measures to reduce pollution etc. from them

- to assess the potential for such systems.

2. Definitions

Heat pump systems to be included in the task are

1. Thermal output greater than 400 kW

2. Using all possible thermodynamic cycles, combinations and

multi stage systems

3. Using all possible drive systems

4. Using all possible fuels

District heating schemes included in the study are

1. Existing heat distribution only schemes for all purposes and

all normal heat distribution temperatures

2. Existing combined heat and power schemes for all purposes and
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normal heat distribution temperatures

3. Proposed schemes with normal and below normal (C80 C) distri-

bution temperatures.

Fuels to be included in the study are

1. Conventional fuels such as oil, gas, electricity

2. Unconventional fuels such as biogas, mine gas, wood, peat,

coal, lignite, garbage, industrial solid, liquid and gaseous

wastes.

Sources to be included in the study are

1. Surface water, sea water, ground water and geothermal heat

2. Industrial and power station waste heat, sewage and other

waste waters.

b) Scope

1. Technical ApEErach (see Fig. 71)

1. Derivation of a detailed technical approach and methodology

2. Background Data

1. Collection on data on the state of the art in district heating,

large heat pumps, sources and fuels

2. Collection of data on existing heat pump district heating

schemes including characteristics and operating data

3. Identification of possible locations for demonstration projects

utilising novel sources, fuels or heat pump techniques.

. Case Study Selection

1. Selection of existing schemes and proposed schemes as case

studies

2. Identification of work areas for detailed experimental and

theoretical investigation
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(a) Derivation of tech-
nical approach and
methodology

(b) Data acquisition

(c) Selection of schemes
for study

(d) Existing schemes (e) Proposed schemes

Performance measurements S Integration study Study of
and study of possible heat pump systems
operational experiences Interaction heat _ fuel related aspects
fuel related aspects pump, source, fuel source related aspects
source related aspects on d.h. scheme scheme outline design

(g) Optimisation

(h) Comparison of
results

(i) Recommendations

Fig. 7-1: Proposed outline technical approach
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4, Case Studies: Existing Systems

1. For existing systems collection and analysis of performance

data over a complete heating system

2. Standardisation of data to average heating season conditions

for an agreed location

3. Collection of data on the heat pump operation, for such aspects

as control, reliability, service and maintenance and corrosion

of heat exchangers

4. Collection of data on fuel use, its availability and variabili-

ty and pollution

5. Analysis of source availability and variability, corrosion and

fouling of heat exchangers.

5. Case Studies: Proposed Schemes

1. For proposed systems collection of data on the possible types

of heat pumps that could be used, their performance, cost,

flexibility of fuel use, life time, service, reliability etc.

2. Survey of available fuels, their availablility, investigation

of suitable combustion techniques, pollution control and waste

disposal

3. Identification of suitable sources and their characteristics,

assessment designs and materials, possible environmental effects.

6. Integration of Heat Pumpsinto DistrictHeating Schemes

1. Study of the interaction of the head load, source, fuel, heat

pump and back-up boiler

2. Characteristics on the performance and economics of heat pump

district heating schemes

3. Development of optimisation techniques.

7._Optimisation of Pro2osed Schemes

1. Optimisation study for each of the proposed schemes to obtain

the most economic system for each.

2. Specification of optimum type of heat pump and size relative

to load, optimum distribution temperatures, method of capacity
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control etc.

8. Analysis and comparison

1. Analysis and comparison of suitability of the various heat pump

types, fuels and sources for district heating

2. Energy saving potential of the use of heat pumps in district

heating

3. Reliability, life, service and maintenance requirements of sys-

tems. Potential market for systems.

9. Recommendations

1. Recommendationson which types of heat pumps are most suitable

for use in district heating with regard to fuel,source and

district heating system characteristics

2. Recommendations on heat exchanger design and material selection

for each source type

3. Recommendations on principles on which heat pump district heat-

ing systems should be designed

4. Recommended locations and system types for demonstration pro-

jects

5. Design specifications for demonstration schemes. Test proce-

dures for the demonstration schemes.

7..5.5 Advanced Heat Source Equipment

a) Objective and Scope

Development of hardware components for using latent heat as a

source for heat pumps, i.e. water-to-ice systems.

This activity should preferably be aimed at large size installa-

tions located near surface water of low winter temperatures that

would not offer an attractive AT potential for solely sensible

heat utilisation.
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Two different principles may be possible:

. phase change taking place in the water reservoir, i.e.

brine or solution would carry the heat picked up to the

evaporator

. phase change being established at the heat pump installa-

tion, requiring transport of water to the heat pump and

water/ice slurry back.

In both cases it would be necessary to provide de-icing equipment

for the heat exchanger surfaces or instal two parallel source sub-

systems to work alternatingly, e.g. two subsurface sea heat ex-

changers one of which picks up phase change heat whilst the other

one is de-iced by the surrounding water, making use of natural

convection, sea movement and salt diffusion.

It is obvious that both the provision of de-icing equipment and

the redundancy (in case of parallel source subsystems) would call

for the application of non-sophisticated technology in order to

achieve acceptable first costs.

b) Approach

The project should commence with an assessment of available heat

sources, including

. identification of possible geographical locations in the

context of settlement structures (space heating demand)

. judgement of the environmental feasibility of such systems

based on thermal and biological source data

. estimate of the energy saving potential
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This should be followed by a conceptual design phase which allows

to judge the economics and provides a crude hardware specification,

which is then used to ask industry for tenders on a demonstration

unit. The specification should be sufficiently defined in order

to enable a systematic comparison of different bids and to choose

the optimal one, but it should also give industry the freedom to

bring in new design or conceptual ideas.

Depending on the final choice of an industrial contractor based

on criteria such as technology applied, price, expertise, loca-

tion of contractor etc. the location of the demonstration unit

can be chosen.

After construction a testing program of at least two years should

follow, during which measurements on the whole plant are taken,

accompanied by investigations into biological effects caused by

the source equipment, and into the problems of heat supply to

buildings.

c) Results

The aim of the test phase should be primarily to prove the energy

saving potential and ecnomics of large size heat pumps connected

to this type of source, and secondly to improve the state of the

art as far as use of heat pumps as heat centres or for district

heating is concerned.

All of this, however, is also linked to the choice of the type of

heat pump cycle, which, if of an "advanced" type offers the possi-

bility to include detailed heat pump cycle and drive testing in

addition to investigations on the source equipment and its overall

impact on the system performance and economics.
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7.3.6. Establishment of a heat pump centre

a) Objective and scope

Since it has been found that the enhancement of heat pump techno-

logy requires international coordination and initiatives on the

R+D side, it appears sensible to investigate the possibilities

and potential benefits which a socalled "Heat Pump Center" could

bring within the efforts of a group of IEA countries in energy

conservation.

In particular the Advanced Heat Pumps Annex I project has illus-

trated that specifically in the area of standards, terms, defini-

tions and methodologies there is lack of uniformity and under-

standing throughout the participating countries, which often

makes a direct comparison of international information difficult.

It is therefore felt that a prestudy should be initiated, which

is aimed at both elaborating an IEA standard methodology for the

'evaluation of different types of heat pumps and to develop the

profile of an anticipated heat pump center which would implement

the methodology and improve the international coordination, also

extending to new initiatives.

In general the center should deal with problems in the field of

laboratory test methodology of heat pump systems and components,

field test methodologies, characterisation and documentation stan-

dards for heat pumps and components including heat source sys-

tems.

Within the prestudy, the R+D objectives, the institutional organi-

sation, responsibilities, limits, financing and boundary require-

ments of a heat pump center should be specified.
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Boundary requirements are, for example

. Neutrality: A country being open to different view

points on heat pumps.

. Language: English should be applicable as working

language on project work and heat pump

center communication.

. Affiliation: Preferably a university or other independent

body.

. Back-up: Strong support by the host country's

government will be necessary.

. Contacts: Good personal contacts should exist inter-

nationally.

. Freedom: The center should have no serious restric-

tions on publishing of R+D results and dis-

semination of information.

Accessability: Located with good connections to major

European and Overseas cities.

Facilities: Apart from R+D facilities such as laborato-

ries, library, computer etc. there should

be conference and meeting services.
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7.3.7. Applications of heat pumps in industry

(Excerpt of a first draft of the proposal originating from

Dr. J. Berghmans, representative of Belgium in the Executive

Committee on Advanced Heat Pumps, I.E.A.)

a) Objectives

The objective of an Annex on the subject of applications of heat

pumps in industry is to achieve dissemination of information

among participating countries on the subjects of: design, per-

formance and operating experience concerning heat pumps applied to

industrial processes.

It is proposed to consider only heat pumps with a thermal capacity

of more than 100 kW. Only systems producing process heat will be

considered, excluding all space heating systems.

b) Operating Scheme

The following scheme of operation is proposed:

1. designation of national representatives by participating country

2. submission of list of heat pump projects suited for further

study by each participating country

3. selection of the set of projects upon which further reporting

will be based

4. determination of reporting format
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c) Background

In recent years the dramatic increase of the price of primary

energy sources has generated considerable interest in techniques

of industrial energy conservation. In many industrial processes

the temperature difference of process heat and of waste heat

leaving the plant is not very large (50°C). This indicates that

heat pumps could be applied to such processes, resulting in con-

siderable energy savings.

It is felt that the wide-spread use of heat pumps in industry is

hampered due to limited experience with these systems. This is

only partly due to the novelty of these systems. In addition a

very large number of industrial processes are suited for heat

pump application, yet in only a few processes have heat pumps

been applied in most IEA member countries.

For these reasons an exercise aiming at the gathering of experien-

ce with heat pumps applied to as large a spectrum of industrial

processes as possible seems warranted.
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SYSTEM TYPE: organic absorption Profile No 2

1. Description

Heat Pump cycle: single stage absorption
working fluid: a) organic work fluid/organic solvent; b) R22/E 181.
source: a) ambient air, b) ambient airo(or ground water)
sink: a) air b) water; feed 40 to 55 C, return 35 to 50 C.

Drive cycle:
working fluid: J not applicable
fuel: natural gas
use: a) domestic central space heating and cooling.

b) domestic central space and water heating.
2. Design data a)+8 a) b)

N,, heat output atb)-2°C asyrce temp. 26.4 12 kW
Nhp, heat input (including % heater efficiency) 21.1 10.8 kW
N .,, electrical input (fanspot'mps, controls) 1.0 0.9 kW

a) b)
3. Back-up: type: not known none-boiler operation

fuel: - of unit
% max. capacity: - 170

4. Controls: capacity: not known T > 3 C heat input ; -4 <T < 3 C ejector pump
defrost: not known Ta -4 C boiler operation
back-up: not known sJe above

5. Performance

heating/cooling heating/cooling
air temp. source temp.output, N,

C C ° output, NhI,
oC OC I oPo

_a) _(kW) 
o P tk) b) a P a b)

- 10 - 10 23 10.8 1.05 1.0 0.95 0.95
0 0 25 11 1.15 1.1 1.05 1.05

10 + 10 27 7.2 1.25 1.4 1.1 1.17

25 + 25 - - - -
35 +35 10 - 0.5 - 0.48 -

6. Capital Costs )

otnlpiit, N., (kl 3/4 10/12 15/20 50 100 400 > 2000

unit (usl (DM)

^Irh.dl"t ot D OM)M: 5000 7000 8000 not avalable

*' ctiim.,cd trosts at 1979 prices and exchange rates without taxes; not including heat
dlisiilbution ( t)j( k-up costs

7. Maintenance costs

.3. ', of installed capital cost per annum

8. Service life in years

source equipment: 15/20
he.t pump: 15/20
drive: -

weighted mean: 15/20

9. Year of introduction: 1985/86.



-Hot water loop

,I-1 «nI\~~ *»-% j~ 1 < Liquid Refrigercnt

C --------------
TEV

Feedplate f

(...- .-- J''' »),,^ L ' -.- -- --- 4 _ P

.~C D j --- -ll:"--- - E L J || Evaporator a

^ \\ lc- Ab sorber

Generator g

WeakFedle 1 ~; ...-i ,_sutin

,____ f-_, Precooler

'- s-.olutiong -- Process flow Z

, , L------ Coolant fow

absorption heat pump



Flue gas
Expeller

Coolant-vapourJ I

Flue gasL Poor solution

afterco oer Bypass
T \^ .. Rich solution

Watr so 4ltion Main heat exchanger
Water '

Con den ser | H eat exchange 1
Coolant -vapour FuelT+air

_________ W ater

Solvent pump' Heat exchangeri Solvent pump

Jet apparatus

0

0

Evaporator
Absorption heat pump o

1. Air 0
2. Water

Process flow



I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COPett
n Output at O C

Energy for Cutin ode Temperat. Capacity Ambient
heat pump drive Use T peheat pump dve Use Type Range (C) ype e of Type Range (k) Tempera-Capacity Temp..

(eo C Operat. (O C) ture

Ambiental -30 - 2 30 -8 1

Oil based Air Exhaust - 20 20 l

-i -based

. - --- 3 -+100 0 10 3 -4 ,

Gas ,-- Ground 10 Gas 90 + 10 10-12

Surface + 20- B0 + 20 2
15-20

I Hat 70
Heaing Sea + 30 Elect -
and Direct A r

Cooling Cooling -+ 40 -0 - +40 50

Electricity ------ ' Electher 2.5
Elecici_ Waste + 50 -tora 100.

.+60 -40 60

Other Heating + 70 - 30 -+ 70
( ) only Other

J ----- * -- ' ~Horizontal -+80 -20 -+80 -400
Soil -

Vertical9 -+90 10 90

None N o t 0
so lar CZ

I ---- I -~+ 112000 l:

Ither'+120 v,

Not emergency



1. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems
Heat Source Back-up System' Heat Sink COPettOutput at OOC

Energy for Teomperatuire% 'Cut-inf Mode Temperat. Capacity Ambient
Temperature UType %Typeioheat pump drive Use Type TType Range (kW) Tempera-
Range (oC) Capacity Temp.. (0 C) ture(o C) Operat. ture

Ambient -30 30 -

Air Exhaust - 20 Oi - 20 ParallelOil based Air Exhaust - -20based

Waste 10 . 3- 10
a · -10 3-4;

I --- -- >-1.5
.(--I ----- ~1~~~ ; ~ ~Alterna-

Olyn CGeotherm 100 tive
Only010-12

Gas Ground + 10 as - 90 + 10

Surface + 20 80 +20 2015-20 k3

Heating Sea + 30 Elect 70 . + 30
an d --- Direct
Cooling Cooling -+ 40 - 60 0 + 0 50

. . - ----- ic---- -- I-- - -l Eit er -2.5
Waste + 50 -50 +50

+ I S torage; - 100.

+ 60 - 40 " + 60
....,.- ' ~"-- - ----- m_ 'Watet

Other Heating .+ 70 - 703
( ) I only II ___Other Not --ol ''knownl

Horizontal' 8 - 20
Soil

| + 8 20 -+80 * *400

Vertical .+ 90 - 10 + 90 O
-. 3.5

-+100 - ·None Appli- 100 Z

solar 1 cable 0 |
iL]_ +110 2000 !

Other ( ) -+ 120

Not emergency+
Not emergency
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Profile No 2

2.0-

COPeff o unit (a)
* unit(b)

1.5
COPeff

1'0 - CO Pe'ff

boiler operation

0.5 I I I I
_-20 -10 0 +10 +20 °C +30

ambient air temperature

2.0-

Nht/Nd

1.5

boiler Nd=262WkW Nd=10kW
operation

1.0-

heat
pump o
controlled

0 5 - output0.5 -

0 I
-20 -10 0 +10 +20 °C +30

ambient air temperature
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rt. = 0,3
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SYSTEM TYPE: ammonia two-stage absorption Profile No 3

1. Description

Feat Pump cycle: absorption, two-stage
working fluid: NH /H O
source: coking plant waste water k0 to 50°C
sink: district heating; feed 90 C, return 50 C

Drive cycle:
working fluid: -
fuel: coke oven gas (5.4 kWh/m )
use: district heating

2. Design data

Nh,, heat output at40-509 source temp. 3700 kW
Nh,,, heat input (including - % heater efficiency) 2400 kW
N,,,., electrical input (fans, pumps, controls) 30 kW

3. Back-up: type: district heating boiler
fuel:
% max. capacity: -

4. Controls: capacity: none
defrost: not necessary
back-up:

5. Performance

heating/cooling heating/coolingair temp. source temp. .op, Ni
o( C ° C output, Nho,

LC O (kW) CoPIt CoPi

- 10
0 + 50 2968 1.08 1.01

, 10

* 25 .
t 35

6. Capital Costs')

2950
<,utl(l. N,, (kLWj 3/4 10/12 15/20 50 1(00 400 > 2000

unitu (oDM)1 1.35 m

Instalh d ('o't (I)M) 1.70 m

*' esim.aid costs at 1979 prices and exchange rates without taxes; not including heat
(dililbutioll or btck-up costs

7. Maintenance costs

2. X% of installed capital cost per annum

8. Service life in years

source equipment: 20
heat pump: 20
drive: 20
weighted mean: 20

9. Year of introduction: 1981
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Profile No 3

" c "C )= Nc

R

NH 01P (=

Heat
Source | Heating System

Flow Scheme of the System

C - Condenser
A - Absorber
V - Evaporator
D - Desorber
R - Rectifying Column
T - Solvent Heatexchanger
P- Pump



I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System* Heat Sink COPet
Output at 0°C

Energy for Cut in Mode Temperat. Capacity Ambient
heat pump drive Use Type e aType of Type Range (kW) Tempera-

Range {°C) Capacity Tempe.,ra-Tp
(o a Operat.

Ambient -30 30 -1

Air Exhaust 20

W Waste -10 10

_______-O~~~~~, I- --- " ". -- 3-411.5

Cooling -0 - 0 A ter
Onl Geotherm t - 1ive

[Gas C-I Ground -+ 10s - 90 10 10-12

Surface +20 -80 +20 2 -
15-20

·Water 70 +~ 30
Heating Sea + 30 E _ 70 + 30

andand ------ Direct I [
Cooling Cooling +40 60 + 40 50

Electricity Elect 11002.5
· rWaste -- .+ 50. E e - 50 - + 50

Stor 1age00

+ 60 - 40 1-+ 60

Wate
Other Heating + 70 - 30 -+ 70 -

( ) only O-- ther Not 70 3
known

Horizontal -+ 80 - - 20 -+ 80 400
Soi

Vertical 10 + 0 -

* Nt r3.5 -en

____ _-+90 -10 __1- 9

.,, - « '+100 o0 Appli + 100 -,

| scI lar ____ ----- cable ,
solar

Not- emergenc I hSteaj D t oJ110
I ------- . r __12000 °

Not emergency
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SYSTEM TYPE: Diesel-Rankine, air source Profile No 4

1. Description

Heat Pump cycle: reversed Rankine
working fluid: R12
source: ambient water
sink: water: feed 55 to 60 C, return 45 to 50 C for radiators

feed 45 C, return 38 to 400C for floor warming
Drive cycle: Diesel

working fluid: air
fuel: extra light fuel oil; 11-62 kWh/kg.
use: domestic central space and water heating

2. Design data

N.,, heat output at +3 °C source temp. 15 kW
Nhp,, heat input (including - % heater efficiency) 3.5 kW
N.,., electrical input (fans, pumps, controls) 0.35 kW

3. Back-up: type: boiler
fuel: oil
X max. capacity: parallel operation 66 %; 34 % of total annual load.

alternative operation 50 %; 0 % of total annual load.
4. Controls: capacity: motor speed control above 10 C source temperature

defrost: hot gas, sensed by/ across airside of evaporator
back-up: cut-in at +3 C ambient air temperature.

5. Performance

heating/cooling heating/coolingair temp. source temp. output Nh,
I C I C output, Nhi,

-C C~ f(kW) COPII CoP.it

- 10 -10 10.7 1.2 1.0
+ 3 + 3 15 1.4 1.3
, 10 +10 17.2 1.6 1.4

+ 25 not applicable
, 35

6. Capilal Costs I

()utputi, N,, (kW) 3/4 10/12 15/20 50 100 400 2000

unil (oust (D1M)

Ilnsidlle( )(Ot (DM) - 7000 9000

*' e(sim.tei costs at 1979 prices and exchange rates without taxes; not including heat
dislnlbulioii or bdck-up costs

7. Maintenance costs

.4 'x of installed capital cost per annum

8. Service life in years

source equipment: 20
heat pump: 10
drive: 10
weighted mean: 12

9. Year of introduction: 1982
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I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System* Heat Sink COPeft
Output at 0 °C

Energy fo Temperature % Cut-in Mode Temperat. Capacity Ambient
heat pump drive Use Type ee Ty pe Cpacity Ambnt of Type Range (kW) Tempera-

(C) Operat. C ture

- _ AmbienLt_ -' - 30 '- 30 -- 1

Oil based ;- - Air Exhaust _ - 20 - .- 20 ParallelOil based 20

Waste 10 -10 3-4,i , - ~~-10 -- ~~ ~110.

Ceotherm _100 Alterna- 01.
Coolng -- 9 -+ 100-12

[ ~Gas --- Ground + 10 .as - 9 0 + 10 10-12

| -|Surface -+ 20 - 80 + 20 2
15-20

Heating Sea + +30 0 + 0 03
and ------ NDirect - A ir

Cooling Cooling + 40 - 50

Waste +50 E 5 -20 O Either50
* --------- I Storage 0 | 100+S

-+G60 -- 40 "- -+60

Other Heating .+70 - 30 +70
( ) ,, only Other 3

known
Horizontal -+ 80 - 20 -+ 80 -400

Soil ----

ert -+ 90 -- -10 -+90

None Not - - 3.5
... .+100 0 Appl- -+ 100

solar cable
'--- -Steamj -+ 1 1 0

'2000 0

Other ( e m' 120

Not emergency
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Profile No4

2.0

COP

0
1.5- not

0/ applicable
COPeftP eff

CO e 'Off

1.0

0.50.5 I | ____
-20 -10 0 +10 +20 °C +30

ambient air temperature

2.0

Nht/Nd

1.5
not
applicable

Nd 15 ky 0

1.0 0

0.5

0 I I I I
-20 -10 0 + 10 +20 °C +30

ambient air temperature



2,2 heat to sink
0,82 at +3°C

electricity 0e35r fans 0,17
productionow g pumps condens

0,18
03

1,2,9
|-1, 2 1

10,6 10,6 motor \` 3.5 \\\'exhcust\ \^ ; c

\/ q=0,33 
13 Z

3,5

fuel __ 0,18
-I fuel

I electricity heat 15

EiTi low grade heat i7i.,pump con I0_ D

E~ high grade heat I~cop^~,6~ heat from source useful heat at 55°C 0
3 mechanical work at +3 0 C

,: waste heat COP' = 2,9 (D
eff

COP =1,39 -
eff O
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SYSTEM TYPE: Diesel-Rankine, horizontal ground source Profile No 4 (a)

1. Description

Heat Pump cycle: reversed Rankine
working fluid: R22
source: horizontal ground coil, brine circuit
sink: water; feed at 45 C, return at 340C

Drive cycle: Diesel
working fluid: air
fuel: Diesel oil or heavy fuel oil
use: school space heating; could also be district or commercial

building heating

2. Design data

N,, heat output at +1°C source temp. 400 kW
Nhm, heat input (including - % heater efficiency) 90 kW
N,., electrical input (fans, pumps, controls) 9.2 kW

3. Back-up: type: district heating
fuel: heavy fuel oil and waste
%x max. capacity: 125 ; 20 % of annual load.

4. Controls: capacity: speed reduction, compressor cylinder unloading
defrost: not necessary
back-up: cut-in at 0 C air temperature

5. Performance

heating/cooling heating/coolingair temp. source temp. output, Nh,
oc °r output, Nh,,

(kW) CoP,. CoPground hrinp (kWC.. WCoP/s. CoP'
10 + 4 - 7 1.73 1.57 (.93)
0 + 5 - 6 400 max. 1.73 1.57

10 +10 + 3 1.96 1.50

+ 25
+ 35

* includes district heating
6. Capital Costs*'

omii , N,, (k W) 3/4 10/12 15/20 50 100 400 > 2000

unil cuo! (DM) 173500

Insidlltd o0t (DM) 347,000

' estim.ircl costs at 1979 prices and exchange rates without taxes; not including heat
diuillbulion or If bk-up costs

+ DM 69 400 for district heating supply
7. Malnienance costs

.2 I' of installed capital cost per annum

8. Service life in years

source equipment: 25
heat pump: 10
drive: 10

weighted mean: 18

9. Year of introduction: 1980
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I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System* Heat Sink COPett
-------- .-------------- . --- - - ,i,, Output alOO C

Energy for % Cut-in Mode Temperat. Capacity Ambient
heat pump dri Use TyTemperature pAmbienheat pump drive Usee Range () of Type Range (kW) Tempera-

Waste
-10 - 3-41

Rag e ( °C T e m p lOO R Alterna-
n OGeoth erm 100 0 tive

Only N

Gas Ground a 10 Ga 90 +10 10-12

Surface -+20 80 + 20 2
Coolin Wage +40 La15-20

Heating Sea - 30 E - 70 Pa " 30

Oband s-----Direct

Cooling Cooling + 40 60 - 40 50

Electricity Elect 0 2.5
Waste [+50 - t -50i +50

+-------- 1St-1 ______ I '"orage ' ----- * - 100.

- + 60 -40 +60

Othr Heating 7a 3--7[77]Other H -l0 -70

Soit ------ -i

o, Only t r

Grizontad! - 180 20 -+ 0 -400-1

VeSrface -+ 10 9 -0 0
[None N Ot ,- N 3.51 -

i --- 1+100 i0 Appli- + 100
solari cable z

!- ' + 4 2000 +000

NoEithert Ie .. 120 n

'Not emergency
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Profile NoLa

2.0

COP COPeff

1.5 -- ^""T'-./ not
/1.5 COPeff applicable

/ including district
/ heating boiler

1.0 /

0.5 I I
-20 -10 0 +10 +20 °C +30

ambient air temperature

2.0 -

Nht/Nd

including district
1.5 \ heating not

\\ applicable

\ ,Nd=4OOkW
1.0

heat pump only \

0.5- controlled
output

0_ I -- __ I I \ I I
-20 -10 0 +10 +20 °C +30

ambient air temperature



T ~~~ ~ ~ ~~~~+231\) at+1°C

2 1,8

(71) fu el: oil/gactrcy 9,2 featings

production pumps etc ---

/r= 0,3

31

23/ 3'1, 0 51 W \00\ \

=o,39 5 \ \\\\\\\ \

' fuel
electricity \ \ \ 40

IIIIIT low grade heat pump 310 condenser 400

E high grade heat CoP=3,

I mechanical work heat from source useful heat a45°C -5

" waste heat at C COP =1.57
bir'~- at 6/--10C CO.rf= %57 _T'
tevap - 150C (with district heating COP' = 0,93) z

COP = 1,70 e

(with district heating COPeff=0,95 )
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SYSTEM TYPE: Diesel-Rankine Profile No 5

1. Description

Head Pump cycle: Rankine, reciprocating compressor
working fluid: R12
source: air
sink: water (a) Td =57/80 C T = 38/600C, (b) Td 45 C, T = 35°C

Drive cycle: diesel
working fluid: air
fuel: diesel oil
use: hot water central heating, district heating or commercial

building heating and cooling
2. Design data (a) (b)

Nhi, heat output at 0 °C source temp. 816 174 kW
Nh,, heat input (including - % heater efficiency) 467 124 kW
N..,., electrical input (fans, pumps, controls) 37 3 kW

(a) (b)
3. Back-up: type: boiler none

fuel: oil
%' max. capacity: 50

4. Controls: capacity: speed control and compressor capacity control
defrost: not known
back-up: not known

5. Performance

heating/cooling heating/coolingair temp. source temp. output, N,
oc C OUCtput, Nh,,

(a) ____) () (kW) (h) C o °P"(h (coP/f(h
-10 - 10 - 10 1. 1.6 1.

0 0 0 816 128 1.7 1. 1. 4 1.
10 + 10 + 10 1. 1.2

- 25 +25 55 1.
t 35 + 35 55 0.

6. Capital Costs*'

(b) (a)

ouipiJ Nt., (kW) 3/4 10/12 15/20 50 174 816 > 2000

unit (ust (DM) I 133,332 200,000
in[lSalhld ( oI1 (DM) 177,777

*' estimjted costs at 1979 prices and exchange rates without taxes; not including heat
tlislnbulion or bdck-up costs

7 Maintenance costs
bt 13 (includes replacement motor every 10,000 hrs)

(b .6, of installed capital cost per annum

8. Service life in years

source equipment: 20
heat pump: 15
drive: 10

weighted mean: 15

9. Year of introduction: before 1985
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Profile No 5 a

Schematic diagram not available
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I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System" Heat Sink COP*1
Energy-f-r-. SCti MoeOutput at OC

Energy for Cut-in Mode Temperat. Capacity Ambient
heat pump drive Use o Type Range (kW) Tempera-Range (°C) Capacity Temp.

.l | | ~~~(o C) Operat. ( C) ture

Ambient ~ -- 30 -30 1

Oil -. 2 Parallel~Oil based _ IAir Exhaust - - 20 raelOil based I Airi

Waste -. 10-- -1 3-4 heat

_- _ 0_ F 1 100 -< . ,, -l. 1.S pump
cooling _ - m- '10 ' "- ' t0- A lterna- onlyCooling eotherm 100 ive only
Only

Gas --- Ground + 10 Gas - 90 -+ 10 10-12

Surface + 20 - 80 + 20 215-20 tW
---- Wate---" -

E't 70 ]+330Heating Sea -+ 30 Elt - 70
Air 30

,and ----- Direct ] I
ooling C Cooling 40 0 + 40 50

', . . .i --------- Either 25Electricity E 2.5
Waste + 50 Storage -50 -+50

I ------- I '_______^ ^ ' ----- * - 100.

+60 -40 ' -+60

I--- , -~~~~~~~~~~~~~~----- ~~-~ i~Wate,
;Other 3 Heating + 70 , - 30 I .+ 70 3
( ) only oOther I Not 3

· , , ''''"'""'"known,
i« ------- J ' ; Horizontal: - + 80Q - 20 o-+80 -400

Soil ---
Vertical -+90 _ -10 -+90 a l

+ .90 1. 10 90 -
_'|"Not |3.5

Noneot
-+100 0 Apli- + 100

Isolar I - cableCD
Steam + 110 Z

oher ( ) |erc+ 120

Not emergency



I. E. A. Study Advanced Heat Pump Systems.
Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COPett
------------- --- -- -- -- r ---- ~~~~~~~~~~~~~~Output at O°C

Energy for ul i M o d e Temperat. Capacity Ambient

Tem( C) Operat. ( C ture

_Ambient _-30 30mien r .

Oil based L j Air Exhaust -20 20 Parallel

-Waste -- 10 d -- heating

1 "--- 3-41 _l.5 -.- cooling
Cooling -0 0 A t er n

Only GCeotherm ( °C) 100 T0ve

0as Ground -+ 10 . 90 + 10 _ 10-12

---- Surface + 20 s_- o80 + 20 0 2
W------e ^ _____ ______ ___ 15-20

*Heating 7WSea -+30 70 e 30 c

-Coolng Cooling 4 60 +40 _ _

on y+ W a ste 0 3' r0 Wate +

only _Other Not 3
,80 20 known .. 40

Gs G Horizonta -+ 0 - 20 -+ 80 400

eru rface I + 90 - 80 -+ 90 -2'10 '9~~~±0

. e a F0+ 10 200

' Not emergency



A-2 9 Profile No 5 a

1.0 - 'J.~

Nht
(MW) - .- ,

0.9

, /
0.8 -

0.7-
Capacity:
without frosting: balance point is
--8°C. At -18°C ,50°/o of heat would

0.6 - still be provided by the heat pump
with frosting: balance point would be
0°C. At -100C,50%/o of heat provided
by heat pump

0.5- f^/

2.0-

_ / //

COPeff -

1.5 - ? "

1.0 I I I I
-30 -20 -10 0 10 20 °C 30

ambient air temperature
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Profile No 5 b
5
COPg COP of refrigeration cycleCO Pg

3-

2 I I II
-20 -15 -10 -5 0 °C

evaporation temperature

Nht thermal output (kW)

150

100 -

Heat load

50
I I I I I I

-10 -5 0 5 10 15 °C
outside air temperature



107 heat to sink
86 V, at O°C

production--- pumpsetc \\
I --- 0--3 30

123 _/

r6=0,36

./~ 2~ 816

1 electricity heat 81\ 6

Em low grade heat 370 pump \50 condenser

iz high grade heat I CoP3,18 us\\

t \

Ui mechanical work _

Ei waste heat heat from source useful heat at 800C
ft OOC COP'=t

eff
COP = 1,68

eff 0

Ln
Q



27,5 heat to sink
6 at O°C

electricity 3 fans 3
productin pumpsetc.

q =0,3

~~~~~~~~9 1 I 121,5

t ~99,3 |99'3 motor \e\\exhast\
Zq = 0,32

fuel diesel oil

31,8

] fuel 3
I electricity-- heat 128

El ow grade heat pumpt 82\\ondenser

high grade heat COP=2,6 heat from source useful heatat45°C "

mechanical work at OOC 0

1 waste heat ... _...... COP'ff = 1, 21 _

COPef =1,28
eff ~Z

O
Ln

Q fuel \^ _____ 3~~~~~~~~~~~~~~~~~~~~~~~~~~~(2
m ele triciy .,, ,... .,^ h at \ ^ \ \ \ \ ^ ̂  \ ^ V ̂ ^ 128"



SYSTEM TYPE: Diesel-Rankine Profile No 6

1. Description

Heat Pump cycle: Rankine, two-stage turbo compressor
working fluid: R 114
source: sewage . = 7C, T =18°C
sink : districtm heating water Tfd 900C, T 50 C

feed return

Drive cycle: Diesel
working fluid: air
fuel: heavy fuel oil
use: district heating

2. Design data

Ni,,, heat output at 10 °C source temp. 10,200 kW
Nh,, heat input (including % heater efficiency) 5,500 kW
N.,.. electrical input (fans, pumps, controls) kW

3. Back-up: type: district heating
fuel:
% max. capacity: -

4. Controls: capacity: not known
defrost: not necessary
back-up: district heating parallel operation

5. Performance

heating/cooling heating/coolingair temp. source temp. Nh,
oC 0( output, Nh,,

(kW) CoPe CoP/.e

10 7 1.8 not
0 7.5 1.8

-, 10 8-16 2.0 known

4 25
r 35

6. Capital Costs*

10,000
(Ilp(iI, N.,, (1\) 3/4 10/12 15/20 50 100 400C 2000
unit uosl (DM)

iitajilh d ( Ol (DM) .2x0
_;.2x10

*' csiim.i'd rosts at 1979 prices and exchange rates without taxes; not including heat
(Ill ijbutOii or t)ack-up costs

7. Maintenance costs

of. ', of installed capital cost per annum

8. Service life in years

'source equipment: 20
heat. pump: 20
d rive: 20

weighted mean: 20

9. Year of introduction: 1981



1. (, car - Profile No61. (;car
2. (ihr oil

4. Luh oil I
4- Lu, oil 11. il; HI.S-V4
5. Scav. air
6. Scav. air
7. Turbochairgcr ,
8. Suhcoolcr
9. Condenser 1

10. E X-3
II. EX-2
12. LX-I Air intake

(35 "C)
1.'Iw tImp. --

4(40 'C) ' '
1_(55 *C) ] t ' t IwwJ ' ' (85 *C)

distric t hIl t ing

(50 C)

Rcliiurn disLrict healt inR

Engine w ithl 11eat recover, s.,ict and coupling to the heat pump.

CoM- Cora-pressor press
r L;_- - Co - d t se -

Superheater

· =Jt .Suhrooler

f KEvapor a tor \ ] -
.vR e V" o F

Ileat pump system diagram.



I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems
Heat Source Back-up System' Heat Sink COPtt

_--------w--- --- Output at 0 C
Energy for TemperaCut-in Mode Temperat. Capacity Ambient

heat pump drive Use Type Type of Type Range (kW) Tempera-
Range (0C) Capacity Temp. p

(o C) Operat. ( C) ture

Ambient - -30 - 30 _ 1

Oil based C, Air Exhaust - - 20 - 20 Paballell base abased
Waste -10 -1034

~~~~~~~~~~~~~-10115

0n i Geotherm - O 100 i1e

[ Gas C | Ground L .Gas 90 + 10 10-12

Surface + 20 80 + 20 2
15-20

Heating Sea + 30 Elect 70 + 30

and --- Direct
Cooling Cooling _+ 40 | - |t 60 +40 50

~|oElectricitr|y L i_+- 80-----w | Sto a| 60_Either 2.5
Waste E+ c50 550 +50

*i-- Not emrStorageN
- 60 !-40 -- ~~ -+ 60

Other Heating -+70 O 30 -+ 70 - 3
( ) ~ only . er

Horizontal -+ 20 -+ 80 -00
Soi -,

Vertical +90 10 +90

I L NoI .3.5i None -N
-+100 0 Appli- -+100

I '°'~~ 1 cable I L,~' I '
Other + 110

Not2+ emergency20

* Not emergency



304 heat to sink
at 0 C

~~~\ \ | |~~~15 \ I exhaust\
) 5504 550r4 motor \ \\ \ \

5504/ / 5 = 39,5 15 \co ng

fuel: heavy fue oil \

- fuel
10200

I electricity \ \\ \ \ 10

MiD low grade heat 5000 pump 74 ondense

E3 high grade heat / COP3,3 \\ \ \ /

E. mechanical work
3 waste heaatheat from source useful heat at85°C {D

at + 10°C COP =1.85
eff Z



A-38

SYSTEM TYPE: Otto-Rankine Profile No 7

1. Description

Hcea Pump cycle: Rankine, reciprocating compressor
working fluid: R22 (or R12 for higher distribution temperatures)
source: air (or water)
sink: water (a) R22: T = 480C max. T = 80 % at 45/550C, 20 % at 900C; or all at 700 C max.

(b) R12: T = 55°C max. T = 80 % at 55/65°C, 20 % at 900C; or all at 750 C max.
Drive cycle: Otto r d

working fluid: air
fuel: natural gas
use: domestic and commercial central space and water heating

air cooled
2. Design data engine

Nt,,, heat output at +100C source temp. ;11.8 8.8 kW
Nh,,, heat input (including - 6 heater efficiency) 8.9 kW
N .. , electrical input (fans, pumps, controls) 0.25 kW

3. Back-up: type: boiler: if system is sized for less than maximum load
fuel: gas
% max. capacity: up to 100

4. Controls: capacity: engine speed
defrost: not known
back-up: not known: probably external air temperature

5. Performance

heating/cooling heating/coolingair temp. source temp.output. Nhi,
o- °0C- output, Nh,,

__C_____ ~(a) (kW) (b) a P'baopCb
- 10 - 10 8.5 9.0 0.93 0.6 0.88 0.57

0 0 9.6 6.6 1.1 0.7 0.99 0.67
10 + 10 12.0 5.5 1.31 0.9 1.24 0.93

* 25
t 35 not applicable

(a) engine water cooled: only available large sizes 100 kW output
6. Capital Costs' (b) engine air cooled: only available small sizes 100 kW output

actual 9.4 11.8 15.3 46 103 386
iiuptit N,, (kW)non 3/4 10/12 15/20 50 100 4t0 > 2000

unit cusl (DM) 14,233 14,909 17,864 27,031 47,985 117,065 -
inrlsdlld oht (DM) not knon

*' estim.atid (osts at 1979 prices and exchange rates without taxes; not including heat
(dis'ibutioil or back-up costs

7. Maintenance costs

.k ', of installed capital cost per annum

8. Service life in years

source equipment: 20
heat pump: 20
drive: 10
weighted mean: 15

9. Year of introduction: 1980



A- 39

Profile No 7

Schematic diagram not available



I. E. A. Study Advanced Heat Pump Systems.
Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System* Heat Sink COP tt
, ----------- ---------- ~Output at O°C

Energy for Temperature t- % u in Mode Temperat. Capacity Ambient
hea pump drive Use Type Type % beny of Type Range (kW) Tempera-

Range_ (C) Type Capac tYTempOperatn g (0 C) ture

.Ambient 3- --30 30

Air Exhaus t _, i .- 20 Parallel ! J air~~~~Oil based IAir Exhaust 0 -20 2 ai
- I~~~~~~basediI cooled

_Wast e .10 o 10 engine
3-4,

------i__ ______ , .,, -1.5
Cooling 01 1 .00 0 1 Alterna-

---- nl Ceotherm ~ __ 100 tive
Only

Gas Ground + 10 . Gas 90 + 10 10-12

Surface + 20 so0 .- + 20 2 I
15-20 -'';Water_ 0

Heating Sea -+ 30 70 + 30

l~and ------ !~~ i~ __Direct
Cooling Cooling + 50

Electricity I' Ei th er H : - 2.5~Waste i ~2Elect.5
W_ || a s t e

E+ 50 Strt - 50 + 50
+60---- 100.

+ 60 -40 ! - - + 60

+70 m atLer + 7 ~ l
Ot = Heating .+ 70 30 -+ 70 3[( ) > * only Not -7 3

Horizontal + 80 - 20 | -| + 80 - 400

Vertical + e r t i c90 .- |=-. -10 + 90 _

None Not 3.5-+100 0 Appli- -+ 100 3

I sola r | I-Icable -"
+ 110 Z

|h(1 -2000 0
Other ) 120

rNot emergency(+120

Not emergency



A- B11

Profile No 7

2.0-

COPeff

1.5

COPeff

1.0

0.5 I I I
020 -10 0 +10 +20 °C +30

ambient air temperature

2.0

Nht/Nd

1. necessar speed on-control off
Icontro I

0.5-

I 0| \~~~~~~~~~~II I

0 _l I I I
-20 -10 0 +10 +20 °C +30

ambient air temperature



2 heat to sink
0,5 O at +10°C

qr= 0,3 
/

0,8

8,9 ma motor

fuel: gas

0,2

E0 fuel

heat (8,8)
lm' low grade heat 9 pump 6,6 ondenser

EM high grade heat COPg=2,4 q. ig g h heat from source useful heat 6,6 kW at 45 C
J mechanical work at +10°C + 5,2kW at 80 °C 0

waste heat COP' =1.24 (2,2kWaircooledeff
(0,93 with air cooled engine )
COPeff =1,31 Z
(0,98 with air cooled engine) 0

hih raehet hatfomsore seu hat66 W t45°C0



11,5 heat to sink
3,5 at +10°C

75

'--electricityelectricity fans

!ErlT! laow grade heat pu /

} mechanical work \\\\\\

1` = 0,3

2high grade heat 9
\mechanical work \\ \\\\
\ waste heat heat from source useful heat 60 at 45°C

at +10°C COPf =134 +43at 800C

COPff =1,41.3



A-44

SYSTEM TYPE: Otto-Rankine Profile No 8

1. Description

Heat Pump cycle: Rankine, reciprocating compressor
working fluid: (a) R12, (b) and (c) R22
source: (a) ambient qir, lb) surface water (c) ground water
sink: water (a) Td = 67 C, T = 45°C;(c) Td = 39 C, T E 31°C;(b) Td = 760 C, T = 60C.d o =45r r d

Drive cycle: Otto engine
working fluid: air
fuel: natural gas
use: small scale district heating and commercial building heating

2. Design data (a) (b) (c) (a) (b) (c)

Ni,, heat output aP 'C~ source temp. 98 861 245 kW
Nh,,, heat input (including % heater efficiency) 92 561 126 kW
N..., electrical input (fans, pumps, controls) not known kW

(a) (b) (c)
3. Back-up: type: boiler boiler boiler

fuel: gas oil gas
% max. capacity: ? 10 50

(a) (b) (c)
4. Controls: capacity: not known not known not known

defrost: hot gas not nec. not nec.
back-up: not known not known not known

5. Performance

heating/cooling heating/coolingair temp. source temp. output, Nh,
o C 0 output, NhW,

(a) (b) (c) (a) (0W ) (c) (a (, I( )
- 10 - 10

0 0 + 3 + 10 98 861 245 1.1 1.5 2. not
* 10 + 10 known

+ 25
+ 35

6. Capital Costs*'

(a) (c) (b)

ouitp, Nu., (kW) 3/4 1'0/12 15/20 50 100 245 860
uni rcust (DM) _| 74,000 202,500 470,000

insidlld ot (DM) |78,000 283,500 500,000

*' estimated costs at 1979 prices and exchange rates without taxes; not including heat
distilbution or bdck-up costs

7.(a) Maintenance costs

(b) ,. '%, of installed capital cost per annum

8. ( ) ervice life in years

source equipment: 25
heat pump: 15/20
drive: 15/20

weighted mean: 20

9. Year of introduction: 1981



A-Profile No 8

Schematic diagram not availe No 8

Schematic diagram not available



I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System* Heat Sink COP'tt
,--------.----------- Output at O °C

Energy for Cut-in Mode Temperat. Capacity AmbientTemperature T y peI % Ambientheat pump drive Use Type Temperature Type of Type Range (kW) Tempera-
Range (°C) Capacity TempJ..

(oC) Operat. ( C ture

Ambient -30 -- 30 - - 1

Eil based ~e dDAir Ehaust 20 - 20 based

Waste - 10.- __ -- -10--- 10 ,-- ._13-4,
: _, roo ° EE1 -1.5

Cooling 10 0 Aterna
n y Geotherm 100 v

Gas Ground +10 90 + 10 10-12

Surface - + 20 _. 80 ++ 20 ' 2 2
15-20

Heating Sea 7 + 30
and ------ Direct i [
Cooling Cooling 60 40 50

Waste + 50 50 -+ 50 100

+60 . -40 _ + 60

Other IHeating +70 , 30 + 0 3
~only 

O thoter 
3IF".', -~~~~ - known ..-IHorizontal 0 20 k +80 400

Soil - : 000
Vertical - 0 0

N Not e-
-100 0 Appli- -+ 100

|solar, cable z
'- - -- - Steam -1+ 110

2000 00
Other(

[O*e____.Not emergency120

Not emergency



I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COP ttOutput at OOC

Cut-in Mode Temperat. Capacity Ambient
Energya p e r se Type TemTyperature mben of Type Range (kW) Tempera-

heat pump drive ofg Type R ange(kW T empeRange (0 C) Capacity Temp.. (o C) (0 C
(o C) Operat. ture

i-i ---- > _ 30r- ^l ---- I "I r 1
Ambient - 30

. -- , Oil I L.- 2C Parallel.
EOibased Air Exhaust - 20 O based a 2e

Oil based

\Vaste - 10 1 3-4, r

Ate| |Ceohr - Jna- . - Heat pump
Cooling Geotherm -- 10 0 tve Only
..... Only G i '""'--- ] 0 ! On

Gas Ground +0 as 90 1 10-12 including

Surface - I + + 20 2 bade up
W Water ----- "i --- 15-20

Heating Sea -+ 30 Elect - 70
and Direct
Cooling Cooling 40 --- 60 + 40 50

Electricity~~~~~Elect ~ ~~~~ 2
Electricit~y Waste ,+ 50 - 50 + 50 .5

We +50 _, -_Storage 100

++60 -40 + 6 0

Other ( Heating + 70 - 30 0 3
-Or only known 4 0r

i Horizontal + 80: - 20 - 80

Vertical + 90 0 +90 -~

i Not -- 3.5 (D

None 0100 Z
, -+100 0 Appli- - + 100 Z

solar |- cable 0

--+ 110 2000 0

| Other ( - + 120

Not emergency



I. E. A. Study Advanced Heat Pump Systems.
Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COPftt
....- "-- -- "--- -~~~ ~Output at O °CEnergy for TemperaturCut-in Mode Temperat. Capacity Ambient

_ Ambient -30- 30

Oil based Air Exhaust -20 - arallel

Waste -10 -10
____ m t 3-4, 1

cooling> |"- ° 1Xn 1t 0 ~ |Altern ' - Heat pump
1 1 only eothermI_ 3-100 [.. 1. only

GCas -= Ground -«™ + 10- .Gas 9 - +0 10-12 W ith

|Surface 8+20 ---- 80 --+ 20 2 back up

Heating Sea +130 070 °+ 0 630

Cooling Cooling + 60 40 L

I--*------ ' ___1_ * 100.

+ -+60 1 -40 + 60

Other C lHeating ,70 e i----0 "Hate p
Other only ( 30| + 70 3

* G a s ,rGecHorizontal -+ 80 -- 20 + 80 400ISoi -- 2 --- L . J
v e t c l .90 j -10 +90 0

None N o: - 3. 5 (-
-+100 0 Appli- + 100

El iar
iciy cablec Z 2

Steam .+ g110 0
21 000 00

Other Het n .+ 7120

I Not emergency
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Profile No8

Performance graphs not available



23,7 heat to sink
at o°C

23,7

X 1,4 oi

fuel: natural gas

fan

EJ fuel
electricity

1l3TT Iow grade heat pump codens

Ez high grade heat COPg2,88 heat from source useful heat at 670°C

I' mechanical work 0
1 waste heat - -cop

COPeff =1,1

0
CDQ



43 heat to sink
at + 5°C

e r

product pumps etc.

2O4
back-up

- - ' nj o.rL= 0,8

\ 118 (oil ) | \

561 561 motor (2) 12 , xhaust

/ / = 0,33 55 23 \ 7 cool9

9r ~
fuel: natural gas

188

m"1 fuel 861
l electricity \8 X /

heat 5condense \
I1 low grade heat pump(2\

3 high grade heat Pg2,7 \\\\\\\\\\
I mechanical work 0

E waste heat heat from source useful heat at 76°C
at 30C COP :1.53
(air at -10C) ff

(1.41 incl boiler) z

0

O'



96,2 heat to sink

~fuel:2 natural gas

J- fuel

eJ-. electricity 10 i fans 10

produ ction demps etc

54
back-up

d high grade heat ClP =4,95 heat from source useful heat at 39°C 0

\ 270

/___10.3 _____ . 0

125,6 125,68. motorco I

fue : natural gas wor

32,9

f fuel * ^\^ 216

COP =181 (incl. boiler 1,14)

~1881 eletIheat eff Z

0
O
CD



A-53

SYSTEM TYPE: Stirling-Rankine Profile No

1. Description

Heat Pump cycle: reversed Rankine (inertia reciprocating compressor)
working fluid: R22
source: ambient air
sink: air: feed 34 to 37 C, return 21 C

Drive cycle: Stirling (free piston)
working fluid: Helium
fuel: natural gas
use: domestic central space heating and cooling

2. Design data

N,., heat output at +8 °C source temp. 12.6 kW
Nh,, heat input (including % heater efficiency) 7.2 kW
N,,,., electrical input (fans, pumps, controls) 1.1 kW

3. Back-up: type: not known: probably unnecessary as unit
fuel: sized for cooling load.
' max. capacity:

4. Controls: capacity: modulation of burner
defrost: not known
back-up:

5. Performance

heating/cooling healing/coolingair temp. source temp.
°oC o° output, Nh,,

C_ v 1-(kW) CoP', CoP~i,

10 - 10 15 1.1 1.0
0 0 13.5 1.3 1.1

10 + 10 11.7 1.5 1.2

* 25 +25 - - -
, 35 + 35 10.3 0.8 0.66

6. Capital Costs I

iiufii.r N,,: (kW} /4 10/12 15/20 50 o10 4(00 _ 2000

unit (uot (DM) 50

nslisill t r (D)M) 5000 l

(' csim.iid (osts at 1979 prices and exchange rates without taxes; not including heat
(ldinibutioul or blik-up costs

7. Maintenance costs

5.. . of installed capital cost per annum

8. Service life in years

sour(:e equipment: I
iheat pump: ) 15

drive: J
weighted mean: 15

9. Year of introduction: 1983



Air
Engine Ar

EJ ;Excess

Com pr o\ V .J y -muC om bustor

( Compressor < 9 I-- Gas

Cooler

CHydronic loop pump

L -Way valve ) Q 3-Way valve
/OD hydronic

coil

Indoor unit 30 F /

ID fan I _i : -- -- 0-

21°C ( LL IDhydronic

coil

Cooling mode _I Heating mode 0
I expansion valve I expansion valve

Source (+8.30 C): Heating Operation _
Source (+8.3°C) Heati ng Opera tion o

Schematic diagram



1. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems
Heat Source Back-up System- Heat Sink COPOtT

------------------------- . ----- . -----------------. Output at 0°C
Energy for Temperature (C Cut-in Mode Tempera.t Capacity AmbientEneat pump drgy e UseTemperature mbien fheat pump drive UseType of Type Range (kW) Tempera-Range (°C) Capacity Temp.. (" C)( Operat. ( C) ture

Ambient -30 -- 301 1

Oil based Air Exhaust -.20 Parallel

Waste10 10 31

_--10-- ___ _3-4, 1.

_ Cen|iherm _.- -- r Alterna-
Coolmng - 100 tive- iny Geotherm f iveI

Gas On - Ground -+10 - 90 + 10 10-12

Surface + 20J -0 + 20 2
15-20 J1

8 Wate +30 70 A 30
Heating Sea m30 70 e c t 3

~, | |\andm~ ,I~ t~ ~ Direct 50

- COOing | ooling C Cooling 40 _ 60 + 40 50

Electricity | lect E -2.5
Waste - + 50 -re _ .+ 50

S---- I__ ___to rage --- 100.

+60 40 -+ 60

+70 30 Not | |
Other Heating .+70 - 30 -+ 70 3

~( ) !only Oer Not '
known

Horizontal t -+ 80 20 + 80 400
Soil l-- -

Vertical + 90 10 -+ 90

III I~~~~~~~~~~~~ --v3.5
+ 9 None 1 Not 0

+100 0 Appli- + 100
solar -- cable _ ID

__~I ________~IlSt -+ t11
0 200

Other ( L+ 120 O

Not emergency
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Profile No9

2.0

COPeff

1.5 -
COPeff

i~~~~~~~~ o
1.0 --

CO Peff
0

0-20 -10 0 +10 +20 °C +30
ambient air temperature

2.0-

Nht/Nd

1.5-

Nd = 10.3kW
1.0 o

Nd=15kW

0.5-

-20 -10 0 +10 +20 °C +30
ambient air temperature



4 heat to sink
at -8,3°C

2,6

electricity fans 02
production pumps etc. 09

rr= 0,3

_high grade hea~t ~coF-0r2, 9 h

12 2 motor 6 ic oli

q---------- =0,291
fuel : natural gas p bur ner

rL =0,82

2,9

f- .u e I 
0 ,9

I grade hea 5t ) \ 8,5 condenser
hi h low grade heat pump \9 \T
E23 high grade heat CO^ 2,9 heat from source useful heat at 37°C J^

] mechanical work -h

waste heat COPff = 1.0

COP ef =1,1 4
eff z

p7iS



3,4 heat to sink
_ 2.6 \\ at +8,3 °C

electricity fans 0,2
production pumps etc. O

0,9
rf= 0,3

[~ 37. -_____7 1 0,6
/ 7,2T motor a3,dh\\e ooling,

37t~L Ji~ q~rL = 0,26
fuel: natural gas fuurner

1,5

r-] fuel s

S electricity heat 1

In low grade heat . pump 7,9\\ condense W T

E3 high grade heat COF' 5 3 heat from source useful heat at 34°C "

j mechanical work at 8,3°C

F'3 waste heat ,__. COPeff = 1 16

COPef =1,52 f

0



A-59

SYSTEM TYPE: chemical heat pump: solid sorption Profile No 10

1. Description

Heat Pump cycle: solid sorption
working fluid: metal salt + H20
source: ground; 0 C
sink: water, T = 40 to 60°C, T = 35 to 500C

d r

Drive cycle: solar radiation; 60-70 C
working fluid: water
fuel: solar, electricity for auxiliaries
use: domestic central space and water heating

2. Design data

Nt,, heat output at 0 °C source temp. 25 kW max.
Nhp, heat input (including % heater efficiency) variable kW
N.., electrical input (fans, pumps, controls) i charging 0.3 kW

discharging 0.15
3. Back-up: type: not necessary

fuel:
'% max. capacity:_

4. Controls: capacity: control of pumping rate from ground store/solar collectors
defrost: not necessary
back-up: not necessary

5. Performance

heating/cooling heating/coolingair temp. source temp. O p t h
Oc C output, Nh,,

(kW) CoP. I Co CoP

- 10 o not applicable
0 0

, 10 j O_ C see p. A-63

+ 25
t 35 not applicable

6. Capital Costs*

25 kW
oiptit, Nt,, (kW) 3/J4 10/12 15/20 50 100 4(0C 2000

unil (ost(DM 21250

Inf l.Illi'dl to't (DM )

*' (,tim.ited (osis ,at 1979 prices and exchange rates without taxes; not including heat
(liit iljulioti or tt( k-up costs

**) this cost does not include solar collectors or ground coil units. Cost estimated at DM 2125/MWh
7. Maintenance costs stored for all unit sizes.

1.. '% of installed capital cost per annum

8. Service life in years

sourre equipment: 30
hiat pump: 30
drive: 10/15
weighted mean: 30

9. Year of introduction: 1982
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1. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COPett
Output at O°C

Energy for Temperature Cut-in Mode Temperat. Capacity Ambient
heat pump drive Use Type RangeType oCiy mie f Type Range (kW) Tempera-

Rane.IC(o TeC Operat. C) ture

Ambient -30 -30 1

Oil based Air Exhaust -20 - 20 P e

waste -10 -104
I -- 1 ------- I *-l" , ------ , 3-4,m -1.5

i *Cooling -0I~ 0 Alterna
Cooling eohrm - 0 100 ° .

Q , , j Ceotherm _t_ live

Gas Ground 10 - 90 + 10 10-12

Surface + 20 _ 80 + 20 - 2
15-20

Heating Water 7 0Ai3ninag VSea + 30 Elect 70 Ar +30
and Direct
Cooling Cooling + 40 _ 60 40 50

Electricity Eect.5

_W aste - 0j 50 Elec+ 50
j-Wast-ej .-- Storage I . + , .... - 100

.+60 -40 +60

Water
Other Heating +70 -30 -- 0 3
o( ) mt"* only ther ot -

known
-Horizontalt -+ 80 -20 -+80 400

Vertical+ 90 10 -+ 90,~ -*90 i 0 + I N~t~"~"" 90
3.5 0

None 0 '
, -+100 0 Appli- +100I solar..... ^ I Isteam c-+b0 z

,, ___L j ,2000 0

NOher ) + 120 mrn

' Not emergency
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Profile NolO

Performance graphs not available



heat to sink
3066 kWh t 0C

r 1= 0, 3 0,15x8760=1314kWh

4380 kWh

et ldirectri

t ralow g h ,10000kW pum 000kWh i s2nt,380 heating

fuel: solar

""""--- " - - \\\"- 1314 kWh total heat lcad
s l1111 1\\~ I ~~ \\\·~~?;;Z;~;;Zn \21,314 kWh p a.

J-'Jfuel 3000Cl tulo 3KWh 20000
CO8 kkWhtot electricity o \ - h e cth\\\\\\\\a\\\ \\\\\ k Wh /

mechchanical work rg.n at d 10 C sch
(ground) h.

F;~ waste heat "---
summer winter eD
charging discharging i

0



A -6 I

SYSTEM TYPE: electric-Rankine: ground source Profile No 13

1. Description

Heat Pump cycle: reversed Rankine
working fluid: R22
source: ground: a) vertical coil, bj horizontal coil (brine filled)
sink: water: feed 55 C, return 45 C

Drive cycle: electric motor
working fluid: -
fuel:
use: domestic central space and water heating

2. Design data a) ' b)

Ni1,, heat output at 0 °C source temp. 14.5 11 kW
Nh,, heat input (including - % heater efficiency) 0 0 kW
N.,., electrical input (fans, pumps, controls) 5.0 4.5 kW

3. Back-up: type: direct electric, parallel operation
fuel: electric
% max. capacity: ' 25

4. Controls: capacity: on/off
defrost: not necessary
back-up: not known

5. Performance

air t . s e t . heating/cooling heating/coolingair temp. source temp. output, Nh,
orC ' output, Nh.,

o it 0 (kW) , CoP,,. CoP. ha)________ ) ahi ak) h fbCoPt
-0 1 14 10

0 0-200C -5-0 C 14.5 11 3.0 2.5 0.81 0.67
___ 10 t)(brine) 15.5 13

+ 25
t25 '3 not available

+ 35

6. Capital Costs')

uniu , (kW 3/4 Na0/a) O12b) a 15/20 h 50 100 40C 2000

untlcotDl(ol(DM) - 7900 8100 -
,insldllhd (ot(DM) - 11,00 15,000/-

I' stim;.itc costs at 1979 prices and exchange rates without taxes; not including heat
disillbutioul or tack-up costs

7. Maintenance costs

1.5', of installed capital cost per annum

8. Service life in years

source equipment: 20
heat pump: 10/15
drive: 10/15
weighted mean: 15

9. Year of introduction: a) 1982/85

b) 1980
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Radiator water
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Heat pump - --- Compressor

Evaporator
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VtSimplified Fowtube system

Simplified Flow Sheet



I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System. Heat Sink COPtt
Output at O°C

Energy for Tempera Cut-in Mode Temperat. Capacity Ambient
heat pump drive Use Type Type kWnof Type Rane (kW ra-

Range (OC) Capacity Temp.. ( Tempera-I(J C) Operat. (0 C) ture

Ambient -30 30r

Eil based 
A|Air Exhaust 20 1 - 0 ra

|i~ |Oi1 | ~ based

i ------ 1 _________ >1 0 -41.5

Coo ing -0 100 i0 ve
i | y G eotherm -m 0 [av5

Ground + 10 .0 + 10 1012

Surface + 20 80 20 2 cO
|[ae Ote __ _ | _ 10 15-20

Heating Sea + 30 Elect 70 30
Direct

Cooling Cooling + 40 60 +40 50

Electricity Wast E lect 5 +50 2.5
Wate.+) 5 Storage Eith J - 5 I- 0 2.5

100.

+ 60 - 40 - -+ 60

------- ther~~~~~~~~~ j~~~-""~ ~ * ~ HWatei N
OterHeating - + 70 - 30 -+70

( ) - only ther Not - 3

Horizontal -+ 80 20 -+ 80 -400

- + 90 10 +90 0

None Not
+100 -N 0 Appli- +100 -.

|1·1~· ^l-'r __ ----- cablesolar I cD

- Steam -+ 110 Z
+ ' 2000 0

~t [Othe;L ) + 120 -'

Not emergency
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Profile No13

2.0-

COPeff

1.5 -
CO Peff

-4.0 Vert. coil

1.0 / T o_- no data-
3.0 operation

*j\-^^"^ ~~possible

-2 .0 Horiz. coil

0.5 I I I I I
-20 -10 0 +10 +20 °C +30

ambient air temperature

2.0-

Nht/Nd

1.5

Vert. coil, Nd- 1 -5kW
at 0°C '%

1.0 - o IC 0 0 no data

Horiz. coil
Nd=11kW
at 0°C

0.5 -

-20 -10 0 +10 +20 °C +30
ambient air temperature



11,3 heat to sink
at O°C

0,19

electricity '5 fan0,25

\ _\electricity h/////electricity
1,2 1 roLduction upumps etc//

fuew: oil/ coal

~~~I 1~fuel 0,251 C0,25

V -------- electricity /

14,2||| I heat 14,\
t low grade heat i�ll ? p u m p EDT mT

Ig high grade heat '3, heat from source useful heat at 45/55°C 0
mechanical work at 10°C f

rw- » 1ste heat (vertical ground coil)
COP' = 0,93 =,

effe

heffO
zra



A-69

SYSTEM TYPE: absorption Profile No 14

1. Description

Feat Pump cycle: absorption, single stage
working fluid: NH /H20
source: ambient air
sink: water, T 60 C to 70 C, T = 40 C to 50 C

d r

Drive cycle: not applicable
working fluid: not applicable
fuel: natural gas
use: domestic central space and hot water heating

2. Design data

Nt,,, heat output at +10°C source temp. 10 kW
Nhp, heat input (including 80 '% heater efficiency) 9.6 kW
N.,,., electrical input (fans, pumps, controls) 0.4 kW

3. Back-up: type: not known
fuel:
% max. capacity: -

4. Controls: capacity: not known
defrost: not known
back-up: not known

5. Performance

heating/cooling heating/cooling
air temp. source temp. output, Nh,

oC °r output, Nh,.
(kW) CopoP, C

10 -10 not known 0.7 0.8
0 0 nown 0.9 0.9

10 +O 10 10 1.03 1.0

25 +25 0.6*
+35 +35 0.5

6. Capital Costs* 1 not included in design: estimates only

uipiIt. N,, (kW) 3/4 10/12 15/20 50 100 400C 2000

ulni l (t (DM) 4000 '7000

,ndalln(.l ( o1 (DM)

*' esime,i(d rcosts at 1979 prices and exchange rates without taxes; not including heat
(lilllbuiton or bdck-up costs

7. Maintenance costs

2. ':, of installed capital cost per annum

8. Service fife in years

source equipment: 20
Ih.at pump: 20
drive:

weighted mean: 20

9. Year of introduction: 1985



iA - ' () Profile No 14

r--- -....-

9I I8vaporator 1
CEvporto r rn Absorber I

HX 2

I I

HX2 1 _

-- re Refrigerant I

1 --..

-- Weak solution
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1. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COPftl
Output at O C

Energy for Cut-in Mode Temperat. Capacity AmbientTemperature Type % ~kmbientheat pump drive Use Type en Tpe Type Range (kW) Tempera-
Range ('C) Capacity Temp..Tep

(o C) Operat. lure

_ _A mbient - - 30 'ad- 3,30 . _1

E 3 Aied A Exhaust - 20 20ParallelOil based -2

5urf- act e _ 20_8-+-- 20 +0 2

Heatng5eas_ -10 10 3-4

„ n.~~~ I --------- Alterna-

O, n l y eotherm _- 7 G30 +7lve0 3
k

Gas i Ground -+ 0 .s -90 i+ 10 - 10-120

Surface + 20 - 80 + 20 al 2
15-20

Wsater ! " + :
Heating Sea -+30 Elect 70 +30
and Direct
Cooling Cooling -+ 40 60 50

Either - 2.5

Waste . + 5050 S e - 50 J + 50m

+1s t o r a ge 1000

+ 60 - 40 | -+ 60

Other Heating O+70 -| -+ 70 3
( ) ' only Other Not

Horizontal' -+ 80 ;.2known-- -+80 -400
Soil - - "0

V er ic a + 90 10 -+ 90

+ 120 2000 0

* Not emergency
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Profile No 14

Performance graphs not available



2,9 heat to sink
_0,9 |^ 7 at +100

electricity fans 0)1
production pumpsetc.

r= 0,3

9,6

~~L ~~~~ ~~__ ________/ ~ generator

fuel: natural gas /1 0,2
heat rectifier
pump
CnP=1,3 0\\& absorber\ 10

+burner
rL= 0,8 ^condenser/

fuel
.electrI c... ~heat from source useful heat at 70°C

i electricity at + 10°C

1 Low grade heat I.I C

high grade heat

mechanical work O

t waste heat ' 2_ COPff = 0,96
COPeff = 1,03 CD

z
0*

e\
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SYSTEM TYPE: Rankine-Rankine Profile No 15

1. Description

Heat Pump cycle: reversed Rankine, centrifugal compressor
working fluid: unknown (possibly R11, R113 or R114)
source: ambient air
sink: a) water: feed 55 C, return 45 C

b) air
Drive cycle: Rankine, centrifugal turbine

working fluid: as heat pump
fuel: natural gas
use: a) domestic central space and water heating

b) domestic central space heating and cooling
2. Design data a) O a) b)

Nli, heat output at b)+.C source temp. 11.0 11.7 kW
Nht, heat input (including 84 % heater efficiency) 9.0 kW
N..., electrical input (fans, pumps, controls) 0.2 kW

3. Back-up: type: boiler
fuel: gas
% max. capacity: 100

4. Controls: capacity: 1
defrost: r not known
back-up: )

5. Performance

heating/cooling heating/coolingair temp. source temp. output Nh,,
or °C Coutput, Nh,,

) C(kW) h') CoP"eih CoPo i

- 10 - 10 10.6 - 1.1 1.0
0 0 11.0 - 1.2 1.1

10 + 10 12.1 12 1.3 1.25

+ 25 + 25 - 5.3 0.5 0.5
35 +35 - 4.3 0.4 0.4

6. Capital Costs*

oJIpuit, N (kVW) 3/4 10/12 15/20 50 100 40C >_ 2000

uni (usl (DM) not 3200
Irlsidllcd ol I (DM) gglica b) 5700 D50

' ctsimjtcdt costs at 1979 prices and exchange rates without taxes; not including heat
dlitnibullon or ltck-up costs

7. Maintenance costs

.3 %, of installed capital cost per annum

8. Service life in years

source equipment:
heat pump: 10/15
drive:

weighted mean: 10/15

9. Year of introduction: 1985



/\- 'lg, Outside air Profile No 15
Fluid heater

ftC~~~~3~ ~ Evaporator

Gas input

7/ X \/ \ /Expansion valve

POWER CYCLE HEAT PUMP CYCLE

Turbine Compressor

Heat pump
~<^'<H > ^^~ ~ condenser

Regenerator ~ heating
circuit

Power cycle
condenser

Feed pump

Schematic Layout



I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COPett
Cut--.... -- -n- ----- ---- Output at O °C

Energy for Temp e % Cut-in Mode Temperat. Capacity Ambient

S e( C) Operat. ture

Ambient -- 30 __ Tem pe -0 - 1

baised _Air Exhaust 20 -20 Pa

Waste -10 1
-- ]- - i3-4 I

------ I _________ , -. Z1.5
· " Ahterna-

Cooling OGeotherm -0 |100 0 t
-----Only e h e m _ -- ___ " v

Gas N eGround +10 Gas 90 + 10 1012

Surface -+ 20 . 80 -+ 20 2 2
15-20

Water - --
Heating Sea + 30 Ele0 + 30
andand --- Direct
Cooling Cooling + 40 60 -+ 40 50

Electricity Waste Elect [;3j -2.5
Waste -+ 50 Sge - 50 , *+50

, ; I ~ Storage I 50 ' 100.

-+60 - 40 "'- -+60

Other _ Heating .+70 O 30 |+ 70
( ) only Other Not t -

Horizontal' +80 - 20 80 -400

Vertical ,+90 1 +
-+90 i- 10 90

None Not - + ..-+100 0 Appli- ._+ 100
so la r --- cable : (DI

Steam

cable-+-110 2000 0
o[Other( L ] .+120

L*
Not emergency
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Profile No15

2.0 -

COPeff

1.5

COPeff

1.0
COPe'ff

0.5
-20 -10 0 +10 +20 °C

ambient air temperature

2.0

Nht/Nd

1.5 _

Nd=11-4kW N
/-- I I;Nd=5kW

0.5-

-20 -10 0 +10 +20 °C +30
ambient air temperature



2,2 heat to sink
0,7 at 0°C

_ electricity 0 2 J fans 0,1
production pumps etc. , h1

r=0,3

0,7 1,4

9 ./ motor 6t3 \ cond e n er
rt =o017

fuel: natural gas +burner
qr = 0,8.

-- fuel \ 0,1

B electricity _ hea \
E[IIIB low grade heat I 13;31 i. pump 6 \\ condenser \\

CE high grade heat COP=3,5 heat from source useful heat at 50°C -

m mechanical work at + O°C O

1'T waste heat ' COP' =1,13
e ff f=

COPff =1,20

0

Ln
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SYSTEM TYPE: Brayton-Rankine Profile No 16

1. Description

Heat Pump cycle: reversed Rankine; centrifugal compressor
working fluid: R12
source: ambient air
sink: air

Drive cycle: Brayton; gas turbine
working fluid: air
fuel: natural gas
use: commercial space heating and cooling

2. Design data

Ni,, heat output at +7 °C source temp. 30.8 kw
Nhp, hear input (including 0 %X heater efficiency) 22.5 kW
N..., electrical input (fans, pumps, controls) 2.5 kW

3. Back-up: type: not necessary, designed for cooling load
fuel:
%X max. capacity: -

4. Controls: capacity: modulation or on/off control of burner
defrost: not known
back-up: not necessary

5. Performance

heating/cooling heating/cooling
air temp. source temp. utput, Nh. ,

oc °r output, Nh,,
(kW) CoPii CoP,,e

-10 -10 - - -
0 0 35 1.15 1.0

10 5+ 10 30.8 1.23 1.0

* 25 +25 - - -
+ 35 + 35 35 1.18 1.0

6. Capital Costs*)

outilt, N,,, (kW) 3/4 10/12 15/20 50 100 400 O 2000

unit cost (DM) 10,250

instdllth ( osl (DM) 22 250

*' cstim.lutd (osts at 1979 prices and exchange rates without taxes; not including heat
di Ilibutliol or batk-up costs

7. Maintenance costs

1.' . of installed capital cost per annum

8. Service lile in years

source equipment: 15
heit pumnp: 15
drive: 10
weighted mean: 12

9. Year of introduction: 1985/1988



Gas

Switching valveCombust

~~~~~~~~~~~~~Indoor coil coil _Combustion o

Heating Cooling res & airiIL<TI CI I-- T Recuperator F

ch* ___ * Relief valve /
Outdoor -

Indoor coil coil Cm
-- Capillaries & / --- j air

Exhaust

Boiler -
feed pump O

Z
0Schematic diagram 3
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I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COPt"
Output at O°C

Energy for Us % Cut in Mode Temperat. Capacity Ambient
heat pump drive Use Type Type Amb ent of Type Range (kW) Tempera-

Range (oQ capacity Temp.) (O tu
(O C) Operat ( C) ture

_ l Ambient - 30 -- 30
_

Oil based Air Exhaust - 20 20 Paralel

Wast e 10 10

| ----- ~-1.5
C .G -eotherm-0 Alterna-Cooling 100 tive

;Gas --- Ground | -+ 10 Gas 90 + 10 10-12 ::
I ___ -- co

ISurface -+ 20 80 + 20 2
I l ~~~~~~~~~~~W~ater~~~~ I J ~~~15-20

Heating Sea -+ 30 Elect 70 .30
- !tAir

Cooling Cooling -+ 40 60 . , |-+ 40 50

~~~~~~~~~~~~~Electricity ------ E| Either 2.5
Electricity | _ 50 Elec - 50 + 50 .5Waste + 50 Storage 50

+ 60 -40 -60

Heating----- *~~~~~~~~~~~ I~ ~W'ater
Other Heating + 70 30 -+70
( ) only Other Not +70 3

known - + -4l. -- I I ----- | |' Horizontal + 80 - 20 80 400
ISoillf -Hl

Vertical 90 + 90
---3.5 0

None
-+100 Appli- + 100

solar cabl

L+Steam + 110 Z
_____)t|_ 12 -'2000 O

,,* . I+ N120 0(

Not emergency
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Profile No 16

2.0

COPeff

1.5

COPeff

1.0-

C OPeff

0.5 I I I I
-20 -10 0 +10 +20 °C +30

ambient air temperature

2.0

Nht/Nd

35kWmaximum
capacity Nd = 29kW \

\ Nd=29kW \ .nro

/ on-off
on -off control \
control

0.5-

-20 -10 0 +10 +20 °C +30
ambient air temperature



1 heat to sink
at +2°C

fuel: natural gasm

electricity f ns
production pumps etc 'h

t22 low grade heat ii5 / .0

r. J,3

8,3

9,3//////, i ̂
) 29 16 \ burner+

motor
/ n. ~=0,27 12,3C0

fuel: natural gas
1,5

- fuel 35

W electricity heat
I[m low grade heat < pump \2,7 conde nse.

high grade heat COP =2,7---
ci 1. * heat from source useful heat at 35°C 0mechanical work at+2°C

waste heat --------- COPf =1,0
eff (D

COP =1,14

0
,.=.
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SYSTEM TYPE: single stage absorption Profile No 19

1. Description

Heat Pump cycle: single stage absorption
working fluid: LiBr-H 0
source: waste water 30 so 60 C
sink: water, 60 to 90 C

Drive cycle:
working fluid: not applicable
fuel:
use: district heating and commercial building space and water heating

2. Design data

Nh,, heat output at 50 °C source temp. 8750 kW
Nhp., heat input (including - % heater efficiency) 6400 kW
N.,,, electrical input (fans, pumps, controls) 141 kW

3. Back-up: type: none
fuel:
% max. capacity:

4. Controls: capacity: not known
defrost: )
back-up: not necessary

5. Performance

heating/cooling heating/cooling
air temp. source temp. output, Nb,,

oC °rC output, Nh,,
(kW) CoP,e CoP'.

-- 10
50 mean50 08750 1.37 1.29

10 (range 30 to 60)

+ 25 not applicable+ 35

6. Capital Costs')

8750

,alpii, N', (lkW) 3/4 10/12 15/20 50 100 40C a 2000
unit (cst (DM) 4

instaldlled ( owl (DM) 12x10

e' stimaited costs at 1979 prices and exchange rates without taxes; not including heat
(listlbultlo or btack-up costs

7. Maintenance costs

1.. x. of installed capital cost per annum

8. Service life in years

source equipment: 1
heat pump: 5
drive:

weighted mean: 15

9. Year of introduction: 1982



900o
to load

Condenser

Absorber Generator
Evaporator

Waste hot water 500C -\/ \ \ C^~ --- Fuel (kerosine) (6400kw)

Pump Fan 11kw x 2

Waste hot water 55°C 60 0C
I e <From load

Pump

Refrigerant pump 2.2 kw
Absorbent pump 4.8kw

Evaporator 3500kw Heat input fuel 6400kw, fan (burner) 22kw, pump (ref.,abs.) 7kw,
Generator 5250kw total 6431 kw
Condenser 3850 kw Heat output 8750 kw (from condenser and absorber)
Absorber 4900 kw Auxiliaries 110 kw

COP 1.34 (=8750/6541) '
0

Schematic diagram zz



I. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System' Heat Sink COPert
Output at O°C

Energy for Cut-in Mode Temperat. Capacity AmbientTemperature T p % minheat pump drive Use Type RangeType Cap y n o Type Range (kW) Tempera-

(o C) Operat. (o C) lure

_ Ambient -- 30 - 30C- l 1

Oil based - Air Exhaust -20 .- 20 Parallel

aste- -10 -10
_-O~~~~ .O~ ~3-4;

-------- Coolrng Cooling r+ I - _ 6 r I .+40 50

inGeothe rm 0 100 1000
~I,. ~~~~I~ Ground +10 0

Surface + 20 8 0 + 20

Wate- ._ : 15-20

OthHeating +Sea 0 e |-N-t0 370
a ) onl d '__ oDirectr o -+ 3 '

----C ooling Cooling + 840 |- 60 -+ 40 50

5oil -- --- E

~ I Elect : ~, 2.5
|V | _+9 Waste 90 - 10 + 90 _50

Storage

+160 40 aNone L 4+ +60
Water

Other Heating +70 30 +0

nly' ot emerNoty+100 J "-'100

other (

Not emergency
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Profile No19

Performance graphs not available



heat to sink
at O°C

///////////329 //

470, 47

4 ------\ 4--- / //70 =_\ -/// 7

\ \ /11a50/generator 1 00

6400 CO
)f 60 6400 4900 absorbe \

I I t \ g\ r\ \d \ \heat
pump

COP= 5,37
J fuel: kerosine 8 7 5 0

C3- fuel

J electricity \ 3850 condenser

JimD Low grade heat 3500 \ \ \ /

E' high grade heat\ /

z mechanical work / \0 \ \ \ / O
W waste heat

heat from source useful heat at 90°C ~D
at55°C COP' =1,29 Z

COPef = 1,35 0

c3
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SYSTEM TYPE: combined compression-absorption Profile No 20

1. Description first stage second stage

He.it Pump cycle: electric-reversed Rankine absorption
working fluid: R 114 LiBr-H 20
source: waste water: feed 30 t8 60°C
sink: water: feed 100 to 150 C; return 40 to 70 C

Drive cycle: electric motor
working fluid:
fuel:
use: district heating and commercial space and water heating

2. Design data

Nh,, heat output at 60 °C source temp. 17400 kW
Nh,,, heal input (including - % heater efficiency) 0 kW
N ,., electrical input (fans, pumps, controls) 6200 kW

3. Back-up: type: not necessary
fuel:
% max. capacity: _

4. Controls: capacity: not known
defrost: /
back-up: , not necessary

5. Performance

air temp. soue t . heating/cooling heating/coolingair temp. source temp. output N
oC r output, Nh,,

C °C (kW) CoPeI COP'.t

-10
0 60 17400 3.0 0.86

t 10 __

+ 25
+ 35 not applicable

6. Capital Costs'

17,400

(oipit,l N., (kW) 3/4 10/12 15/20 50 100 400 2 2000

unit (ost (DM) _ 20x10

1,,stll.d ( ot (DM) 420x10 4

( -'imim.d (r ots at 1979 prices and exchange rates without taxes; not including heat
(lit il)julion or t)dck-up costs

7. Maintenance costs

1,5 '%, of installed capital cost per annum

8. Service life in years

source equipment: 15
hIit punmp: 20
drive: 25
weighted mean: 20

). Year of introduction: 1982



High temp.water

150-1000 C

High temperature water '
generating condenser

R114
Compressor W W ater

Waste water _ _ -- -|

^ Vaporizer /

Water _ A -/ / I = /
Ns ^ ^r~ Coaoing tower

-a

Schematic diagram
Zo
O



1. E. A. Study Advanced Heat Pump Systems.

Operating Characteristics of Advanced Heat Pump Systems

Heat Source Back-up System" Heat Sink COPett
En-------.erg . . . . .--------- - for- Cut -in-- Output at O°C

Energy for Cut-in Mode Temperat. Capacity Ambient
heat pump drive e Type rn Type se of Type Range (kW) Tempera-

(o Operat. » _C ture

Ambient -30 - 30 "1-- 1

Oil based Air Exhaust - 20 20 Parallel

-- aste -
-10 .10

Cooling GCeo herm 0 Alterna-Q | , " gGeo-herm '100 t ive

Gas Ground - 10 .- 90 + 10 10-12

Surface -+ 20 0 + 20 2
15-20

Heating Sea+ 30 70 - + 30

________ and, ------ Direct :
Cooling Cooling +40 _ e +3

j j Waste --" +50' Stoge 50 ++ 50
Storage 50 + 50 100.

t+ 60 - 40 -- " 1 + 60

Water
Other - Heating m+ 0 30

* ) only _"_+ _70] Other -'Not 70 3
known

Horizontal + 80 - 20 + 80 400
Soit ------

Vertical -+ 90 _ 10 +90

None
"-i --- » --- 3.5 o

,-+100 None =O =m0 Appli- 100

sI
s la r i cable

+110 Z[ I _+-2000 0
[h er( +120

* Not emergency
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14 566 heat to sink
atO°C

933

electricity 4 ans00 ans
production pumpsetc. 300

n.= 0,3

1333 -

electricity
19 333 19333 production 13533

~/ _ / rL = o'03 4/F=0,3/

fuel :coal, oil
5800

[- fuel 300

0 electricity heat \ \\\

tM low grade heat 6 pump ndenser 17400

o high grade heat pump=,,'3 high grade heat coP= ao \ \ \ \ \ \ \ \ \ \ \ \ \\' "I

: mechanic l work heat fromsource useful heatat 150°C 0mechanical work at 60C ,

; waste heat COP'eff 086 C~85
COPeff =2,85

0
ro
o




