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Abstract - -  Heat transformation with sorption systems has received increased attention in recent years. The intention of this 
review article is to discuss current as well as forthcoming applications along with the respective appropriate technology. This 
includes chillers and refrigerators which may be direct fired or waste heat driven. Emphasis is given to the improvement of 
efficiency on the one hand, as well as to adaptation to low temperature waste heat use on the other hand - two very different 
developments. The use of solar energy as heat source also belongs to this area. The second area of  application is heat pumping 
for heating purposes. Systems with large capacity are being installed every once in a while, but the small-scale domestic market is 
not yet really covered with appropriate technology. Finally, industrial heat pumping involves the reverse cycle (heat transformer). 
This market has declined after a cl imax in the seventies. Nevertheless the heat transformer offers opportunit ies for enhanced 
process integration and will probably attract renewed interest in the future. © Elsevier, Paris. 
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Resume - -  D~veloppements recents et perspectives en matiere de pompes /~ chaleur /~ sorption. Au cours des derniEres 
ann~es, les transformateurs de chaleur /~ sorption ont fait I 'objet d'une attention particuli~re. Dans cet article de synthEse, on 
prEsente des applications actuelles et prochaines avec les technologies associ~es. Ces applications recouvrent, tout d'abord, les 
machines a eau glac~e et les r&r ig&ateurs  uti l isant la chaleur issue directement d'une combustion ou de rejets thermiques. 
L'int~r~t est port~, d'une part, sur I 'am~lioration des rendements et, d'autre part, sur I 'adaptation des syst~mes aux basses 
temperatures dans le cas de I'util isation des rejets thermiques. L'util isation de I'~nergie solaire comme source de chaleur fait partie 
de ce champ. Le second domaine d'applications concerne le pompage de la chaleur pour des besoins de chauffage. Des systEmes 
de grandes puissances seront installEs dans un avenir proche. En revanche, il n'existe pas de technologies rEellement appropri~es 
au marche du secteur domestique. Dans le secteur industriel, le pompage thermique impliclue ~galement les cycles r~versibles 
(transformateurs thermiclues). Ce march~ est en declin, apr~s avoir connu un maximum dans les ann~es 1970. Cependant, les 
transformateurs thermicl~es permettent I ' int~gration de processus am~liorfis et, de ce fait, feront probablement I'objet d'un regain 
d ' in t&~t  dans le futur, clg) Elsevier, Paris. 
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1. I N T R O D U C T I O N  

In the early years of this century, sorption refrig- 
eration was quite frequently used. Later, with the de- 
velopment of cheap reliable compressors and electrical 
motors, the improvement in power station efficiency, 
and the introduction of the CFCs, sorption refrigera- 
tion became a niche technology. However, recent years 
have witnessed increasing interest in this technology for 
many different specific reasons. The main arguments in 
favour are that  sorption systems are quiet, long last- 
ing, cheap to maintain and environnmntally benign. Of 
course this opinion is not universally held. There have 
been cases involving high maintenance costs and short 
life; the environlnental impact consists of many differ- 
ent parts which cannot be sununarized by tlle statement 
that  sorption systenls (normally) do not use CFCs or 
HCFCs. Nevertheless. the freedom from noise and vi- 
brations and, above all, the possibility of using heat to 
energise the systems are convincing arguments in favour 
of sorption systems. Tile most often quoted drawbacks 
are heavy weight and large footprinL a lack of under- 
standing the process, and, above all, the relatively high 
initial cost. 

In this paper we review the state of tile art and tile 
current R & D. We will distinguish between tile different 
possible areas of application because the respective pros 
and cons will differ quite considerably also. We want 
to give a view of where, and for what reason, sorption 
systems are being used today and what the future will 
be. We will cover chiller applications (gas cooling, solar 
cooling, waste heat cooling) as well as refrigeration, heat 
pumping and industrial waste heat recovery. We will not 
discuss very small systems (hotel room and camping 
refrigerators). We will also skip sorption-compression 
hybrids i1 4] which have interesting features but are 
much less developed. Moreover, we will exclude open 
sorption systems [5- 81. 

To begin with, we give a short introduction to the 
flmdamentals. For more basic information tile reader 
should refer to the literature [9 13]. Stephan [14], 
Burgett et al. [15], Fiskmn et al. 116], and Furutera 
et al. [17] give history and contemporary evolution. In 
addition, current developments may also be traced by 
reading the Proceedings of the International Absorption 
Heat Pmnp Conferences. tile most recent of which were 
held in New Orleans [18] and Montreal [19]. 

2. F U N D A M E N T A L S  

fluids, the refrigerant and tile sorbent. Thus the tem- 
perature of phase transition can be manipulated not 
only by changing the pressure but also by changing tile 
refrigerant concentration. 

2 .1 .  T h e  b a s i c  c y c l e  

One possible use of this physical principle is realised 
in the single-effect heat pump cycle which is depicted in 
figu'r'e 1. 

Tile four most important components are the 
evaporator E. where cooling is provided, tile generator 
G, where the driving heat is conveyed to, and the 
absorber A and condenser C, from which tile pumped 
heat is disposed of. In the generator vaponr is desorbed 
from tile solution due to the heat input. The vaponr is 
condensed, thrott led and evaporated as in compression 
systems. After evaporation the vapour is absorbed in the 
solution which is cooled in the absorber. The solution 
is pumped to tile generator to tie regenerated and 
throttled back to the absorber. To improve efficiency 
a solution heat exchanger SHX is introduced into tile 
sohltion circuit. For cooling applications, the efficiency 
(coefficient of performance, COP) is defined as the ratio 
of cooling output,  Q0, to driving heat input, Q2. 

C O P -  Qo (1) Q2" 

Other performance measures, e.g. for heat pumping, 
may be defined accordingly. 

SHX 
EV 

Qo Q," 
Sorption systems transform latent heat of the phase 

change liquid-vapour or solid vapour between different 
temperature levels. Sorption systems use two working 

Figure 1. Flow sheet of a single-effect absorption chiller. A: 
absorber, C: condenser, E: evaporator, EV: expansion valve, G: 
generator, SEV: solution expansion valve, SHX: solution heat 
exchanger, SP: solution pump. 

192 



Recent developments and future prospects of sorption heat pump systems 

2.2. Consequences of solution field 
geometry 

In order to get more information about  the perfor- 
mance it is useful to discuss tile reversible l imit  of tile 
C O P  which is well-known and in a first order approxi- 
mat ion propor t ional  to the rat io of t empera ture  thrust  
T2 - T~ and tempera ture  lift T~ - T0: 

C O P  < To(Te - Tt)  T h r u s t  - -  (~) 
T2(T~ - To) L i f t  

The tempera tures  can be seen in figure ~, where 
the single-effect cycle is plot ted over the pressure- 
t empera ture  relationship of the solution field. The 
t empera tu re  of the evaporator  To and the t empera tu re  
of the condenser, as well as tha t  of the absorber 
outlet T~ are in general fixed within a rmlge of 
some degrees by the chilled water and cooling water 
temperature .  Tile physical propert ies  of tile working 
fluids used, i.e. essentially the vapour  pressure lines, 
determine the posit ion of tile cycle within the solution 
field. In principle this is equally valid for adsorpt ion 
machines, i.e. those using solid sorbents to adsorb the 
refrigeraut vapour. The equilibrium sorbate  charge of 
the solid sorbent at given tempera ture  and pressure 
yields equilibrium lines for the phase change which can 
be t rea ted  in the same way as thc vapour pressure 
curves of the liquid absorpt ion system. 

The external  conditions for chilled and cooling water 
determine the internal t empera tures  T0 and T~, the 
pressure levels, and finally the tempera ture  T~', which is 
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Figure 2. Schematic drawing of a single-effect absorption 
cycle in the pressure-temperature plot. E: evaporator, A: 
absorber, G: generator, C: condenser, cw: weak solution, c~: 
strong solution, Q: transferred heat. 

the ininimum driving temperature .  Of course, during 
tile desorption or regeneration process the solution 
changes concentration from strong, e~, to weak, Cw, 
and the equilibrium tempera ture  changes accordingly 
from T.j to Ta. In tile absorber  A, the concentrat ion 
changes back from weak to s trong with the equil ibrium 
tempera ture  gliding from Tf to T~. So the t empera tu re  
which is really required or a t ta ined  in the generator  G 
is T.~, which only for infinite solution flow is equal to the 
n,inimum tempera ture  T.~'. We want to e laborate  briefly 
on the magni tude  of this temperature .  

The reciprocal te lnpera ture  thrust ,  1/T1 - 1/Ta, and 
the reciprocal t empera ture  lift, 1~To - 1 /T t ,  due to the 
Clausius-Clapeyron equation, are related to the heat  of 
soTlution, l, and condensation,  r: 

( ~ / T ~  - ~ / T ; ) / ( ~ / > ,  - * / r , )  = r / ( r  + Z) (3 )  

Classical liquid and solid sorbents do not vary strongly 
in the relation of the heat  of solution to the heat  of 
condensation. The heat  of solution is in the order of 5 
to 20 % of the heat of condensation.  Because this rat io 
does not vary strongly with changes in tile working pair: 
the mininmm driving t empera tu re  712 for a given lift is 
independent  of the working pair  within a few degrees. 

Moreover, comparing equation (3) with (2), we c a n  
write the C O P  also in the form: 

c o , "  < r / ( r  + ~) (4) 

This also ineans tha t  tile maximum C O P  does not vary 
strongly with changes in the working pair. 

Fronl these very simple considerations we inay draw 
two impor tant  conclusions: firstly, the C O P  cannot 
be raised above a limit in the order of one for a 
simple single-effect cycle. Secondly, the tenlpera ture  
of the driving heat cannot be lowered beyond a certain 
tempera ture  which can be deriw~d from chilled water  
and cooling water t empera ture  for a simple single-effect 
cycle. 

2.3. Multistage cycles 

The two restr ict ions discussed above are very 
inconvenient. However, they have t radi t ional ly  been 
overcome by tile method of mult is taging the single- 
effect cycle [9, 10, 20, 21, 22]. The basic idea is to repeat  
either the desorpt ion-condensat ion processes or the 
evaporat ion-absorpt ion processes at different pressures 
or tempera tures  as compared to the single-effect cycle. 
Three simple possibilities are shown in figure 3, which 
is a pressure- temperature  plot with the solution field 
and the axes not shown. The circles represent the nlain 
exchangers, the arrows denote the heat flowing in or out 
of a component.  Consequently, circles with arrows going 
to them represent evaporators  or generators,  circles with 
arrows leaving represent absorbers  or condensers. Tile 
number of arrows qual i ta t ively represents the respective 
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a b c 

Figure 3. Schematic drawing of multi-effect cycles (a and b 
double-effect, c triple-effect) in the pressure-temperature plot. 
Arrows denote heat flow. 

heat load. In figu.re 3a heat of condensat ion is used 
internally to regenerate tile solution a second time. In 
figure 3b tile same is accomplished using the heat of 
an absorber.  In figure 3e both heat  of condensat ion 
and absorpt ion are used to regenerate tile solution 
internally. This internal re-use of heat  of condensat ion 
or absorpt ion increases performance as is indicated by 
tile number of the arrows. The first two cycles are of 
tile douhle-effect type, whereas the third cycle is of the 
triple-effect type. 

The same principle is possible also when the 
concentrat ion difference between tile solution leaving 
the absorber and tha t  leaving the generator  is increased 
so much tha t  the tempera ture  glide in absorber  and 
generator  overlap (fig'ure ~). In tile region of the 
overlapping tempera ture  band, heat  of absorpt ion is 
utilised to regenerate the solution in the generator  
as was done in the case of fig"ure 3b. Consequently, 
the cycle is of the double-effect type, al though the 
heat recovered may be just  a small fraction of 
the total  heat  of absorpt ion [13]. Altenkirch [23] 
described this method using tile name "'cycle with 
overlapping temperatures" .  Girsberger [24] called it 
"nnechte Mehrstufigkeit" which may be t rans la ted  as 
"false multistaging" or "quasi-multistaging".  Scharfe 
et al. [25] used the name "absorber generator  heat  
exchange" (AGHX) and Radermacher  [26] coined tile 
name desorber /absorber  heat  exchange (DAHX), which 
was later  changed generator-absorber  heat exchange 
(GAHX or GAX),  tile name current  today. 

If solid sorbents are used as working material ,  
the t empera tu re  overlap can also be utilised. GAX- 
performance is achieved with cycles using a so-called 

Regeneration Regeneration 

* ' - "  ' i 

Absorption Absorption 
Overlapping temperature bane 

a b 

Figure 4. Schematic drawing of a single-effect cycle without 
(a) and with (b) overlapping temperatures (GAX) in the 
pressure-temperature plot. 

1 9 4  

thermal  wave [27, 28] either in adsorpt ion systems or 
using tile nmlti-sal t  or mult i -hydride process [29] with 
chemical reaction systems. 

In the following sections, we will discuss the 
development of several kinds of nmlt is tage systems. 

2 .4 .  W o r k i n g  p a i r s  

As was s ta ted  above, the main freedom in designing 
absorpt ion systems lies in the principle of (true or 
quasi) multistaging.  However, tile choice of the working 
pair also has a large impact  on technical questions and 
applicat ional  concerns. 

There are many rationales for tile choice of a working 
pair: t empera ture  and pressure range, thermodynamic  
et~ciency (COP), experience, complexity in handling, 
safety, environmental  concerns, etc. 

Despite the large number of possibilities, there 
are only two working pairs which are s ta te  of tile 
art:  H 2 0 / L i B r  for water  chillers, and NH3/H20  for 
refrigeration. Although well-known and mature,  both  
pairs have drawbacks: in the case of H20 /L iBr ,  the 
t empera ture  lift is restr ic ted due to erystal l isat ion.  
In tile case of NHa/H20 ,  toxici ty and high working 
pressure as well as the need for rectification hamper  
use. Consequently, we can distinguish two lines of 
research: one line tries to change tile characterist ics of 
tile well-known pairs in order to overcome the problems 
mentioned. The other line tries to come up with new 
working pairs. Informat ion about  liquid pairs has been 
collected systemat ical ly  and published by Macriss et al. 
[30] and Macriss and Zawacki [31]. 

2.4.1. Changes  in w e l l - k n o w n  w o r k i n g  pairs  

One of the most impor tant  directions in today ' s  
R & D is tile quest for air-cooled chillers. To this end, 
several sMt-mixtures,  based on the LiBr-system, have 
been proposed [17, 32]. Up to now, the problems of 
corrosivity and bad heat transfer have not yet been 
solved. Nearly the same holds for the change from salt 
sohltions to hydroxides [33 38]. 

In the case of refrigeration, one seeks to add 
ingredients into tile solution which lower the vapour  
pressure of the water,  thereby reducing tile need for 
rectification [39 41]. Up to now, no commercial  product  
is available. 

2.4.2.  New w o r k i n g  pairs 

In this s i tuat ion of mature  but not fully sat isfactory 
technology, many other  working pairs are under discus- 
sion. In order to cope with the freezing point of water,  
in the early days, a mixture with Glycol (Carol), and 
later  the use of methanol  as replacement,  were proposed 
[42, 43]. Organic pairs [44--46] nfight have taken the 
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COP 
Type of cycle 

Single-effee~ 0,75 
Double-effect 1.2 
Triple-effect 1.5 

TABLE I 
Energy demand of several types of chiller cycles 

hnprovemen~ Specific 
of COP energy demand 

1.33 kW/kW cooling 
0.45 0.83 kW/kW cooling 
0.3 0.67 kW/kW cooling 

Reduction in 
energy demand 

38 % 
19 % 

place of NHa/H20  if they had performed better and if 
the CFC-debate had not come along. Today they still 
do not play a significant part, if any. 

A inore radical sohltion is the switch to solid 
sorbents for water. Both well-known sorbents, silica- 
gel [47, 48] and zeolite [49 51], have a relatively wi- 
de solution field. Silica-gd chillers are commercially 
available, whereas zeolite chillers are not.  Zeolite ha,s 
the advantage of allowing reject heat temperatures of 
80 °C or more, which makes it attractive for applications 
like automotive systems 152], but also for use as topping 
cycle ill cascading multistage systetns [53 i. 

The situation of other solid sorption systems is 
quite similar, whether these be adsorption with carbon 
[54 i or chenfical reaction using complex compounds 
[55 57], hydrates [58], or hydrides [59, 60]. As stated 
above, they are suitable primarily for high temperature 
applications, because crystallisation is not a danger but 
a prerequisite. So far. two problems have prevented 
more widespread use: the discontinuous cyclic nmnner 
of operation necessitates the thermal cycling of a lot 
of thermal inass which brings down the COP, and the 
relatively (as compared to a liquid fihn) thick active 
beds exhibit bad heat and mass transfer characteristics. 
Some of the different technologies investigated recently 
have been compared in a European joint research project 
[6~ 651. 

supply which is created by compression chillers leads 
either to a shortage in electricity or to investment in 
electricity producing capacity which is not used for 
20 hours a day, and therefore is not economic. At the 
same time, the gas grid is idle. Consequently, in the 
scope of least cost planning it is very beneficial to use 
the gas grid for cooling. In this situation it is obvious 
that, although efficiency considerations are not first 
priority, it is important  to bring the energy demand 
into the order of magnitude of compression systems. 
Consequently, this has a strong impact on developing 
absorption chillers with performances beyond double- 
effect. 

Figure 5 is a schematic representation of the single- 
effect, the specific double-effect, and the specifc triple- 
effe, ct absorption cycles. By adding two fl~rther exchange 
milts (a generator and a condenser) to a single effect 
cycle, double-effect pertormance can be attained. Two 
more exchange units lead to triple-effect performance. 
Many other cycle configurations are known which 
exhibit double, triple, or even higher effect performance 
[10, 21, 66 74]. If we compare the performance of these 
systems, we of course also have to consider a change 
in burner efficiency, and we have to be aware that  
the energy saving is only reciprocal to the increase 
in performance. From the fignres given in table I it is 
immediately clear that  competitiveness can be achieved 

3. GAS C O O L I N G  

The most prominent area of application of sorption 
systems is providing chilled water for air-conditioning 
by H20/L iBr  absorption chillers. Here, the mainstream 
developlnent has led from single-effect to double- 
effect systems and from steam-fired to direct gas-fired 
generators [15]. However. it nmst  be kept in mind 
that the reason for using gas-fired double-effect chillers 
instead of compression chillers is most often not that  
they are favourable from the energy aspect: the increase 
in efficiency of power plants (above 60 % on LHV) as 
well as of turbochillers (COP > 6) is dramatic and 
results in a COP on primary energy (primary energy 
rate) of 3.6, leaving an absorption chiller with a COP 
of 1.2 (on LHV) far behind. The push forward for 
absorption chillers stems from economic considerations: 
in many countries the mid-afternoon peak in electricity 

1 

cops~ 

Pressure 1" Temperature --~ 

i 

< CaDPt. < CaDPr~ 

Single Effect Double Effect Triple Effect 

Figure 5. Schematic drawing of a single-effect, a double- 
effect, and a triple-effect cycle in the pressure-temperature 
plot. Arrows denote heat flow. 
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only with a very small cost increase when changing 
from double-to triple-effect: al though the increase in 
COP (from 1.2 to 1.5) is quite considerable, the 
marginal  reduction in energy demand (19 %) is much 
less impressive. The reduction in energy demand,  on 
the other hand, ha.s to pay back all tile increase in first 
cost which is required to a t ta in  the increase in COP. 
Consequently, it is of paramount  importance either 
that  the high-performance system has only marginal ly 
higher cost or tha t  the reduction in energy demand is 
considerably higher than tha t  shown in the table. 

Triple-effect chillers are not yet on the market ,  
but  in development in several laboratories.  Most work 
seems to be concentrated on the very triple-effect cycle 
of figure 5. It  is easy to handle from a conceptual  
point of view because it is a s traightforward repet i t ion 
of the double-effect principle. The problems arise 
from secondary properties:  the working fluids and the 
construction materials  have to s tand tempera tures  in 
tile vicinity of 200 °C. There, the solution is very 
corrosive, which necessitates expensive construct ion 
materials,  or efficient corrosion inhibitors,  or less 
corrosive mixtures.  All three paths  are not easy to walk. 
Moreover, the conventional heat  transfer enhancing 
addit ives are not stable at the high temperatures .  

Having taken notice of these inconveniences, it 
is interesting to consider the use of solid sorbents: 
corrosion is ant ic ipated to be less severe, and no 
problems with decomposit ion of additives will arise. 
However, solid sorption chillers in most eases exhibit 
poor performance, even when built  in multi-effect 
arrangement.  Consequently, a cascading design with 

TP 

m 
?, 

Figure 6. Schematic drawing of a triple-effect cycle, consisting 
of a double-effect bottoming stage (1) and a single-effect 
topping stage (2) in the pressure-temperature plot. 

196 

an effective liquid sorpt ion bot toming  stage and a 
t empera ture  resistant  topping stage seems to be an 
a t t rac t ive  compromise. An experiment of this kind has 
been performed in the early 80's, using the triple-effect 
principle of figure &'. [53]. Tile performance increase, 
however, was too small to outweigh the experimental  
difficulties and the initial  cost. In recent years, all 
experiment  waks s ta r ted  with a double-effect H 2 0 / L i B r  
bot toming cycle (2 and 3) and a chemical reaction 
topping stage (1) (figttrr~ 6) [73]. 

The performance of this cycle will surpass tile pure 
double-effect performance, albeit  with a substant ia l  
increase in first cost. But if the principle is successful 
and easy control can be achieved, the pa th  is open for 
developing cycles with significantly higher COP, e.g. the 
quintuple-effect cycle of figure. 7 [74]. The COP which 
can be achieved depends largely on the efficiency of the 
topping stage (1), COPtop. Approximate ly  it holds for 
the quintuple-effect COPs: 

coP~ = cos)o~o,~ , .  (1 + c O P ,  o~) + cOP~o~ (5) 

With  a double-effect perforinance of COPbott .... = 1.2 of 
the bot toming cycle, tile quintuple-effect performance 
will be: 

COP5 = 1.2 + 2.2 * COPtop (6) 

With  a topping stage performance of 0.1 the 
performance increase against  double-effect will only be 
,narginal. Wi th  a topping stage performance of 0.3 tile 

T 

1 

T 

> 

Figure 7. Schematic drawing of a quintuple-effect cycle, 
consisting of a double-effect bottoming stage (1) and a 
single-effect topping stage (2) in the pressure-temperature 
plot. 
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performance increase will be 50 %, which is t remendous 
and hard to achieve with any other design. Moreover, 
the construct ion of the high-efficient cycle from a state-  
of-the-art  double-effect cycle and a topping cycle allows 
for retrofit t ing, which is an impor tant  benefit on the 
market ing side. 

The repor ted  development is done mainly for large 
capacities (MW). There are almost no H 2 0 / L i B r  chillers 
available with a capaci ty  in the range of a few tens 
of kW. There is, however, a direct-fired single-effect 
chiller with N H a / H 2 0  which is now being upgraded to 
improved performance by employing the GAX-principle.  
Using NHa/H~O of course is beneficial in two aspects: 
it gives more freedom in choice of the chilled water 
t empera tu re  which can be lower than  0 °C also (ice 
slurry), and it gives some freedom regarding the heat 
sink temperatures .  S t i l l  N H a / H 2 0  chillers are not 
competi t ive at larger capacities due to the lower C O P  
and the higher initial cost. 

4 .  S O L A R  C O O L I N G  

The driving force behind research on Inulti-effect 
cycles is pr imary  energy saving. This can also be 
achieved when regenerative energy is used as inpuL 
in part  or in total .  In the US around the year 1976 some 
500 solar air-condit ioners had been installed [75, 76]. 
They ran about  75 to 80 50 on solar. The rest of the 
t ime the chillers were operated with electricity or fuel 
oil. This is impor tan t  to reconsider in the light of an 
energy comparison: a single-effect chiller with a C O P  
of 0.7 opera ted  on electricity requires about  5 tiaras the 
pr imary  energy required by a compression chiller with 
a C O P  of 3.5. Consequently, all the energy saving by 
solar operat ion will be compensated by a 20 % share of 
electrical operat ion.  We may conclude that  a significant 
fraction of the above mentioned instal lat ions were no 
big energy savers at all. 

If, on the other hand, a gas-fired single-effect chiller 
is opera ted  half of its running hours on solar, its fossil 
energy demand is comparable  to tha t  of a typical  triple- 
effect chiller [77]. This is shown in figure 8, where tile 
pr imary  energy rate P E R  of different sorpt ion chillers is 
shown. The pr imary  energy rate  is the pr imary  energy 
P E  required to produce a given amount  of cooling Q0: 

P E  
P E R  - (7) 

(20 
Tile abscissa of figure 8 is the solar fraction f which 
is a t ta ined  when collectors are installed to operate  a 
solar assisted single-effect (solid line) and double-effect 
absorpt ion chiller (broken line). The solar fraction is 
defined as the rat io  of solar input  Qx and to ta l  energy 
input  required, (QS + PE)  

/ _ Qs, (8) 
Qs + P E  

Tile pr imary  energy demand P E  is related to the 
driving heat  input,  Q3, via the burner  efficiency r/B: 

Q3 = Q~ + P E  r ib (9) 

Then, the pr imary  energy rate of solar assisted 
absorpt ion chillers can be given as a flmction of solar 
fraction and COP: 

1 1 
P E R  - f C O P  (10) 

r ib + - -  
(1 - -  f )  

The solid line gives the pr imary  energy rate  of single- 
effect absorpt ion chillers with a C O P  of 0.75 and a 
burner  efficiency of 0.85 for tile fossil operat ion:  with 
a solar fraction of 0.3 to 0.6 the pr imary  energy rate 
is comparable  to tha t  of a compression chiller with 
a C O P  of 3. Tile dot ted  line is valid for a double- 
effect solar assisted absorpt ion chiller with a C O P  of 
1.2 and a burner  efficiency of 0.85 again. A triple- 
effect chiller (square symbol m) with a C O P  of 1.6, 
to ta l ly  fossil fired ( f  = 0) with burner  efficiency of 85 % 
again still requires somewhat  more pr imary  energy than  
a compression chiller with C O P  of 3 combined with a 
power s ta t ion with 50 % efficiency, a compression chiller 
with C O P  of 5 coinbined with a power s tat ion with 30 % 
efficiency, a double-effect absorpt ion chiller with 30 % 
solar input, or finally, as s ta ted  above, a single-effect 
absorpt ion chiller with 50 % solar input. 

From these numbers,  it follows that  the solar 
option has to be evaluated carefully: the use of solar 
heat  reduces the fossil energy demand of sorption 
chillers, but  this is not always enough to cope with 
compression chillers. This problem has been addressed 
several times. Recently, in a Joule-project  sponsored by 
the Conmfission of the European Communit ies  [78], a 
dedicated two-stage chiller (double-effect/single-effect) 
was developed. The object ive of this work is to market  

single-effect i 
rY ~ s i s t e d  : 
LU 
0.. 

E ~ double-effect ' ~  ~ ~ 
• r- sonar assisted 

o 
0 0.2 0.4 0.6 08 1 

Solar Fraction f 

Figure 8. Comparison of the primary energy ratio for different 
solar-assisted sorption systems as function of the solar 
fraction f .  
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an absorpt ion cooling machine which can use either solar 
energy from medium tempera ture  thermal  collectors or 
natura l  gas with a higher C O P  than  s tandard  single 
effect chillers. To this end a gas-fired double-effect 
absorpt ion chiller is being tested which is modified 
in such a way tha t  it call be opera ted  par t ly  or to ta l ly  
by hot water  from thermal  collectors at the middle 
pressure generator  (figur~ 9). 

Considering the problem of the mid-afternoon peak 
in electricity consumption due to electric chillers, 
the idea of solar chilling is intriguing from demand-  
side considerations: the chilling demand at  least to a 
significant extent  runs parallel  to the availabili ty of solar 
radiat ion.  Therefore, the interest in solar cooling by 
sorption systems has been prevalent for several decades. 
Quite a few systems have been installed all over the 
world and operate  satisfactorily. However, no really cost- 
competi t ive system for widespread appl icat ion exists 
today; al though tile demand is acutely pressing. A step 
forward can only be expected through tile innovative 
design of collectors, chillers, or both,  including open 
systems [8, 791 . Moreover, there could be more than jus t  
solar cooling for building air-conditioning: there is a 
review by the I IR which compares different technologies 
for solar refrigeration [80 i. All example in the field 
of sorpt ion is tile solar icemaker which operates on 
Nm/H O [81]. 

5. C O O L I N G  W I T H  L O W - G R A D E  
O R  W A S T E  H E A T  

In central and nor thern Europe especially, the use of 
heat from combined heat  and power product ion in dis- 

pressure 

P2 

P~ 

Po 

condenser 2 con~~ 
evaporato~~ ~, absorber 

natural gas 
direct fired 

~ tor 2 

~ . .  solar hoot 

I generator 1 

To T~ T2 T3 temperature 

Figure 9, Schematic drawing of a solar-assisted double-effect 
sorption cycle with solar energy input at the middle pressure 
generator I at temperature F2. 
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tr ict  heating systems for cooling purposes has a t t rac ted  
much interest.  During smnmertin~e exploi tat ion of this 
energy source for air condit ioning with the consequence 
of increased uti l isat ion of tile distr ict  heating networks 
contr ibutes to both energy savings and economics. One 
common feature of stat ions supplying combined heat  
and power is tha t  the performance of the heat  sup- 
ply system increases when the tempera ture  of the heat  
which is delivered to the user is lowered. Therefore. 
there is a dist inct  need to develop sorption cooling sys- 
tems with low driving temperature ,  e.g. between 60 ° to 
80 °C or even lower. 

There are three principal  possibilities to lower 
the input  t empera tu re  of a sorption chiller if the 
te inpera ture  of heat  sink and heat  source are fixed by 
the appl icat ion (chilled water, cooling tower). The first 
one is to decrease the driving tempera ture  differences 
at the external  exchangers. This can be done by 
increasing tile exchange surfaces (or decreasing the 
capacity) .  This method is expensive, but is done 
ill commercial  applicat ions because it is simple and 
safe. Increasing tile transfer coefficients would yield 
the same result trot is hard to accomplish: often, the 
transfer  coefficients increase with the specific load on 
the exchanger. Consequently, they ra ther  decrease in 
the case of low tempera tn re  applicat ion where the 
driving tempera ture  differences are small. Even the step 
from pool boiling desorbers to falling film desorbers.  
which is often considered in this respect, is not always 
beneficial because the heat transfer  coefficients ilia}: be 
very different [82]. 

The second option is a change in working pair. 
For instance, silica-gel chillers are marketed with the 
argument  tha t  they are operat ional  with low-grade heat 
[48]. However, as discussed above and in more e laborate  
form in earlier papers  [83, 84] the choice of the working 
fluid influences only to a small extent  the lowest possible 
driving temperature .  

In tile following, the third option, which is to use 
advanced cycles, will be lfighlighted. The concept is 
very sinfilar to the concept of increasing the efficiency 
by staging. However, in the case of mult is taging for in- 
creasing the t empera tu re  lift or what  is in principal  the 
same reducing tile driving heat  input  te lnperature ,  the 
performance decreases: tile t empera tu re  thrust  becomes 
smaller than  the t empera tu re  lift (equation (2)). On 
the other hand, the amount  of exchangers, pipes, and 
controls has to be increased. So, tile so-called nmhi-l if t  
cycles are expensive and perform less well at tile same 
time. Normally, they are only competi t ive if the driving 
heat is for free or very cheap and /o r  if both  products  
(heat and cold) can be sold. 

An example for this kind of system is the double-lift  
refrigerator [85, 86], which is depicted schematically in 
figure 10. It uses NH3/H20  and produces cooling at 
tempera tures  as low as, e.g. - 5 0  °C. The refrigerant 
vapour  is produced first at an intermediate  pressure 
level and resorbed again in a second solution circuit. 
The second regeneration is done at the appropr ia te  
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pressure of the condenser. The effect is tha t  both  
regeneration steps take place at  a reduced t empera tu re  
compared to a single-effect chiller. In spite of the low 
C O P  which may come down to the order of 0.3 to 
0.2, the plant  is competi t ive in relation to compression 
refrigerators, especially if driven with steam from grids 
or cogeneration. 

In figure 11 a cycle is shown which is a superposi t ion 
of the above-mentioned double-lift  cycle with a single- 
effect cycle: the  single-effect/double-lift  cycle (SEDL). 
It has been designed for producing chilled water in 
district  heating networks with H~O/LiBr.  The boundary  
conditions are in general low tempera ture  (down to 
80 °C) of the district  heating water  supply and a 
high tempera ture  spread between supply and return 
(about  20 to 30 K). The resulting very low return 
tempera tures  down to 50 °C could be used in a double- 
lift cycle, the C O P  of which is about  0.4 with H~O/LiBr  
under the given circumstances.  To take advantage of 
the relatively high supply tempera ture  of the distr ict  

~P C ~ : : ) ~  G 

Figure 10. Schematic drawing of a double-l ift  cycle. A: ab- 
sorbers, C: condenser, E: evaporator,  G: generators.  

F igure 11. Schematic drawing of a single-effect/double- l i f t  
cycle. A: absorbers, C: condenser, E: evaporator.  G: generators.  

heating water  of 80 °C and in order to realise the 
large t empera tu re  spread which is required, the double- 
lift cycle was integrated into a single-effect cycle. The 
distr ict  heating water  releases heat first in the generator  
of the single-effect stage and then in the two generators  
of the double-lift  stage, leading to the high t empera tu re  
spread. Depending on the dis t r ibut ion of the heat 
exchanger areas within the three generators,  as well as 
on the t empera tu re  of the distr ict  heating water  input.  
the C O P  will w~ry between the C O P of the double- 
lift and single-effect cycle, 0.4 and 0.8 respectively 
[87-89]. In Germany, five of those machines are now in 
operat ion or in construction.  A large fraction of single- 
effect performance is very impor tan t  for the economics 
of these machines. 

Finally, in order to opera te  chillers with even lower 
input  t empera tu re  near the heat  sink temperature ,  a 
tr iple lift cycle using silica-gel as adsorbent  was designed 
as a labora tory  plant  [90]. In order to be competi t ive 
even with free waste heat  as input,  it is of paramount  
importance to design this system in a very simple and 
cheap way. This is one of the objectives of the research 
effort described where continuous triple-lift  performance 
is a t ta ined with six silica-gel containers which are 
connected to a loop, so tha t  the effort for vapour 
phase switching is minimised. However, in judging the 
economics, it has to be kept in mind tha t  the C O P will 
be very low, in the order of 0.1 to 0.2. Consequently, 10 
to 20 times the refrigeration load has to be rejected to 
the ambient,  which is a big investment and also causes 
considerable running cost., e.g. for cooling water. We 
think tha t  a C O P below 0.2 will not be competi t ive,  
even if the  systeins are fired with free waste heat. Things 
may change if the user of waste heat  gets a refund. 

6 .  R E F R I G E R A T I O N  

In the field of low-temperature  refrigeration, the 
s i tuat ion is different from chillers: the compet ing 
compression systems are much less performant  as 
compared to the water chillers because their  CO P 
is more or less propor t ional  to the t empera tu re  lift 
according to the Ca rno t -COP.  On the contrary, it has 
been s ta ted above tha t  the C O P  of sorpt ion systems 
does not benefit s trongly from a small lift, which means 
in other words tha t  the CO P does not deter iorate  as 
much as tha t  of compression systems with increasing lift. 
Consequently, for a high t empera tu re  lift., absorpt ion 
systems compete not too badly  against compression 
systems. This is true even though the driving heat  is 
often not extremely cheap: if the t empera ture  lift is 
large, then the t empera tu re  thrust  must also be large~ 
and in consequence the t empera tu re  of the heat input  
may be quite high. 

Another  difference from chillers is tha t  the only 
working pair  current ly used for refrigeration purposes 

1 9 9  
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TABLE II 
Energy demand of several types of heat pump cycles. 

C O P  
Type of cycle 

Direct 1.0 
Single-effect, 1.5 

Double-effect 1.8 

Improvement Specific Reduction in 
of C O P  energy demand energy demand 

i kW/kW heating 
0.5 0.67 kW/kW heating 33 ~ 
0.3 0.56 kW/kW heating 16 (~ 

is NHa /H20  and these machines do not come in large 
series but  with large capacities (MW). For many years 
this business was done in the style of plant  design of 
chemical engineers. Only in recent years have there been 
trials to s tandardise  systems with capacit ies of some 
100 kW using plate heat  exchangers as very compact  
components.  

In contrast  to most other working pairs, in the case 
of NH3/H20  the vapour pressure of the sorbent,  water, 
is not negligible as compared to the vapour pressure 
of the refrigerant, ammonia.  This fact necessitates the 
instal lat ion of a rectification device to reduce the water 
content in the vapour leaving tile generator  [91, 92]. By 
heat and mass exchange in a counterflow of liquid and 
vapour, the refrigerant is enriched in the vapour,  and 
the sorbent is s t r ipped of tile vapour  and enriched in 
the liquid reflux to the generator.  In order to produce 
this reflux, some condensate has to be sacrificed. Tiffs 
means tha t  a small part  of tile heat  input  to the 
generator  is used to produce the reflux and not to 
produce refrigeration. The more water is contained in 
the solution the more water is contained also in the 
generated vapour and tile more input  heat  is required to 
produce an appropr ia te  amount  of reflux: consequently 
the C O P  deteriorates.  This can culminate in such a 
way tha t  a double-lift cycle (figure 11) exhibits be t te r  
performance than  a single-effect cycle. Consequently, for 
very large tempera ture  lifts: double-lift cycles are being 
used. Of course, they have the other benefit of requiring 
a lower t empera ture  for tile input.  

If high input  tempera tures  are available, it is 
beneficial to optimise the rectification process in order 
to regain the basic superiori ty in performance of the 
single-effect over the double-lift cycle. To investigate 
the thermodynamic  possibilities, an experiment has 
been performed in which a 50 % increase in C O P  
was achieved by re-arranging the solution flow so as to 
reduce the rectification requirement [93 95], 

the machine itself is cheap, tile cost of the external  
heat  source often reduces the competit iveness.  In this 
respect absorpt ion technology has an advantage over 
compression technology: due to tile lower COP.  the 
rat io  of the required capaci ty  of the heat  source to tile 
heating capaci ty  is smaller for absorpt ion systems, i.e. 
the cost for the heat  source tends to be smaller. 

Another  point worth mentiolfing is that ,  of course, 
the heating C O P  of a heat  pump is always above 1. 
For an absorpt ion system tile single-effect C O P s  range 
from 1.3 to 1.6. As can be seen from trzble II, tile relative 
increase in energy saving by using double-effect is much 
smaller than  in tile case of a chiller. Consequently there 
are ahnost  no doubh>effect heat  pumps being developed. 
An exception is the flexible double-eff~et/double-lift  
heat pump which, as a pilot project ,  was designed to 
supply two different heating systems of an exhibit ion 
hall [96]. 

7.1. La rge  c a p a c i t i e s  

There are a few large heat  pump instal lat ions 
using H 2 0 / L i B r  in single-effect cycles, especially in 
Scandinavian countries. They are applied in distr ict  
heating systems with geothermal heat  sources, urban 
waste water, or seawater [97, 98 i. 

Another  very special system was instal led in Erding, 
Germany. In the same way as is done with NH3/H20  
refrigerators, sometimes the evapora to r / absorber  pair  
is doubled and operates  at  two different pressures 
[113]. Consequently. tile two evaporators  and the two 
absorbers can each be connected in serial flow. in order 
to be matched to the large glide in heat sink and heat  
source. In this way the operat ional  range can be enlarged 
on the one hand attd tile performance is increased on 
the other  hand. 

7. H E A T  P U M P I N G  

The econonfics of heat  pumps are more difficult 
than those of cooling equipment,  because heating is 
a very simple technology. In addit ion,  even when 

7.2. Smal l  c a p a c i t i e s  

As for tile chillers, there are ahnost  no absorpt ion 
heat  pumps using H 2 0 / L i B r  available for small ca- 
pacities of some 10 kW. This again is the domain of 
single-effect systems with using NH3/H20.  For exam- 
ple, there is a German manufacturer  who provides such 

2 0 0  
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machines typical ly  for heat ing of large swimming pools 
and the like. 

In the US large development programs were ded- 
icated to machines for domestic heat ing and cooling 
using the GAX-principle  [16, 99]. The operat ional  pa- 
rameters  in heat ing and cooling modes are quite differ- 
ent from each other. Consequently, the flexibility of the 
GAX-principte  allows for adap ta t ion  (figure 12): in the 
cooling mode (figure 12a) the machine may work with 
a large overlap in t empera tu re  thus operat ing in GAX- 
mode with double-effect performance. In the heating 
mode (figure 12b) the t empera ture  lift T~ - T(~ is much 
larger and the overlap will diminish or even vanish. 
Then the performance of the machine will be reduced to 
tha t  of a single-effect cycle. However. the development 
of the machine has been much more complicated than  
ant ic ipated and the cost goal has not been achieved, 
so that  the machine is not yet on the market  today. It 
is, however, for capacit ies in the range of 100 kW and 
more [1001. 

In the domestic market  in Central  Europe,  the 
stress is much more on pure heat ing systems than  
on chil l ing/heating.  For this reason, the t t  & D efforts 
in this region aim at simple apparatuses  which should 
nevertheless be able to use quite cold ( -15  °C) ambient  
air as heat source and provide a large t empera tu re  lift 
(up to 60 K). Under these conditions, only single-effect 
systems have been proposed. 

One of the most interesting developments is the 
scaling up of the NHa/H~O/H~ diffusion-refrigerator 
used in campers  or as mini-bar  in hotels into a pumpless 
heat pump with 3 kW capaci ty [101,102]. After  decades 

T T1 T= 

) 
a) 

b) 

Figure 12. Schematic drawing of a cycle with GAX-per- 
formance in chilling operation (a) and with single-effect 
performance in heat pump operation (b). 

of R & D, the system is now at last in a pre-market  stage. 
There are not many competi tors:  an Aust r ian  colnpany 
is developing an oil-fired heat  pump i103], and a system 
based on the water /zeol i te  pair  has been developed 
[104]. There are also developments with hydroxides as 
absorbents  and ilmovative heat  exchanger design like 
ro tary  systems [37, ~05] or spray absorpt ion [106, 107]. 
All these systems still are not marketed.  

7.3. Heat transformers 

There is an idea which dates back to Altenkirch 
[108] of using a heat t ransformer ( type II)~ the reverse 
absorpt ion heat  pump tbr domestic  heat ing (figu~'e 13). 
The details of the cycle are described in the paragraph  
about  industr ial  heart recovery, where heat  transformers 
will find their main field of appl icat ion (figure 1~). The 
domestic application,  however, is interest ing to discuss 
mainly because it shows the variM)ility of sorpt ion 
systems. Usually, as depicted ill figure 13a. pr imary 
energy is utilised in order to energise a heat  purnp 
which lifts heat  from an abundant  reservoir like sea 
water at a decent low tempera tu re  around 0 °C to 
the room temperature .  In the second case (figure 13b). 
the heat source at the decent low tempera ture  serves 
both ew~porator and desorher around 0 °C. The low 
tempera ture  heat  sink (condenser of the transformer) 
may then be cold air in winter (e.g. - 2 0  °C), and 
the high tempera ture  heat  sink (absorber) will be 
the heating system. For effective use with a heat ing 
t empera tu re  of 30 °C or more, a double-lift  t ransformer 
[109, 110] may be appropriate .  The system has one 
outs tanding favourable feature: the colder the outside 
air becomes, the larger the capaci ty  and the tempera ture  
lift of the heat t ransformer will be. The economics 

a) 

b) 

Figure 13. Sorption cycles for house heating purpose, a: heat 
pump (type I); b: heat transformer (type IlL 
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Figure 14. Flow sheet of a single-effect absorption heat 
transformer. A: absorber, C: condenser, CP: condensate pump, 
E: evaporator, EV: expansion valve, G: generator, SEV: solution 
expansion valve, SHX: solution heat exchanger, SP: solution 
pump. 

however normal ly  look dull, but  in special circumstances 
an appl icat ion may be possible. Experiments  are perfor- 
med for an instal lat ion in polar  regions recently [111!. 

8.  I N D U S T R I A L  H E A T  R E C O V E R Y  

Industr ia l  heat pumps are not series products  similar 
to low-temperature  refrigeration systems. Engineering 
companies find in them interesting possibilities, because 
they normally come in large capacities (several MW) 
and thus can be tai lor-made.  On tile other hand, they 
produce jus t  heat  as output  which often has not enough 
value to recover the initial cost. This is true even if the 
heat  input  to the system is waste heat. Consequently, 
there are not so many examples of installations. We will 
report  in brief on some concepts which originate mainly 
from the late seventies when energy saving seemed to 
have a t remendous future. 

8 .1 .  H e a t  p u m p s  ( t y p e  I) 

Of course the chiller or heat  pump cycle as described 
above can be used for recovering heat. However, not 
many a t t empt s  have been reported.  One pilot plant  is 
known where a double-effect chiller is used in heat  
pumping mode as heat supply system to a water 
desal inat ion plant.  The idea is to operate  tile water 
desal inat ion in a t empera ture  range where scaling 
problems are less severe and still use high input  
tempera tures  effectively [112]. The fresh water  output  

is doubled for a given heat  input.  It was intended to 
reduce first cost by integrat ing the water desal inat ion 
and tile heat  pump: the vapour which is produced in 
the second stage generator  is used for heating the first 
desal inat ion stage directly. 

A very recent example involving the use of an 
absorpt ion heat  pump is upgrading waste heat  of a 
fllel celt [113]. However, this is not str ict ly an industr ial  
appl icat ion and it is due to a shortcoming of today ' s  
fuel cells which hopefully will be overcome in the near 
fllture. 

The main reason for industr ial  sorption heat  pumps 
of the first kind not being widespread is probably  
tha t  the required tempera tures  normally are well above 
those experienced in chiller operation.  So the corrosion 
and stabi l i ty  problem obstructs  the use of tile proven 
technology. 

8 .2 .  H e a t  t r a n s f o r m e r s  ( t y p e  I I )  

The reverse heat  pump,  the heat t ransformer (heat 
divider, t empera tu re  amplifier, heat  pump type  II),  
has been addressed briefly in the chapter  about  heat  
pumping above. The main field of appl icat ion is not 
domestic  but  industr ial  heat  recovery. The flow scheme 
is shown in .figure 14. It consists of the same components  
as the chiller cycle; only due to the reverse flow direction 
of heat  and mass as compared to the chiller, a pump,  
instead of an expansion device, is required between 
evaporator  and condenser. The heat  which is to be 
upgraded is conveyed at  an intermediate  t empera tu re  
to generator  and evaporator .  The upgraded par t  is 
released from tile absorber at a higher temperature ,  
which is the useful effect. I t  is brought about  due to 
the fact tha t  another  part  of tile heat  input  is degraded 
to the t empera tu re  of the condenser where it is given 
to an appropr ia te  heat  sink (cooling tower). In such a 
simple single-effect system about  hMf of the heat  input  
is upgraded and the other half is degraded: the COP of 
the system is about  45 ~ .  

About  a dozen instal lat ions have been repor ted  on 
all over the world with a stress on Europe [97]. Most of 
the transformers are out of operat ion today, due mainly 
to a change in their  industr ial  environment and not due 
to failure. Tile systems operate  proper ly  but  payback of 
the initial  cost is difficult to achieve. 

There are several advanced concepts regarding heat  
transformers:  multi-effect and multi-lift cycles have been 
discussed [109, 110, 114] and different working fluids are 
being s tudied [115]. No such systems have been incor- 
pora ted  commercial ly into a real plant  up to today'. The 
reason for this is different for tlle two different kinds: 
nnflti-effect t ransformers are able to upgrade more than 
just  a half of the waste heat  input,  which is a very 
desirable feature. However. this is only possible by re- 
ducing the ratio of t empera ture  lift to t empera ture  
thrust .  If waste heat  of 80 °C is to be upgraded using a 

202 



Recent developments and future prospects of sorption heat pump systems 

heat sink of about  30 °C (cooling tower) with a single- 
effect transformer,  the lift will be smaller than about  
40 K. Consequently, the achievable lift with multi-effect 
t ransformers will be too small for most applications.  

On the other hand, the lift can be i n c r e a s e d  by 
multi-lift  concepts. Then, of course, the fraction of 
upgraded heat  is less than half of the waste heat  
input. If the waste heat  is abundant  and really for 
free or very cheap (including investment for installing 
the heat  source), there still remains the requirement 
for a cooling tower for rejecting an amount  of heat  
which is. e.g. for a double-lift  cycle, about  twice the 
amount  of recovered heat. This cooling tower adds on to 
the investment and, additionally,  causes running costs 
which are not negligible. So again we find that  the 
economics of advanced concepts are not always Inore 
favourable than those of the basic cycle. 

If the costs of the heat input and of the heat  sink 
are negligible, the only energy costs to pay" are those 
for the pumps. This is an impor tant  element in the 
c a s e  of high-pressure working fluids like NHa/H~O. In 
the case where the refrigerant water  is used, this is less 
relevant. Still the pumps are par ts  which need to be 
maintained and sometimes cause trouble. In order to 
get rid of this cost a heat  t ransformer has been tested 
with self-circulation using the concept of but)ble pumps 
as in camping refrigerators or some chillers [36, 1161 . 

T~ T~ 
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I I Process 
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B . . . . . .  
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8 . 3 .  H e a t  p u m p  t r a n s f o r m e r s  ( t y p e  I I I )  

Natura l ly  it is also possible to combine the two types 
of absorpt ion cycles. One class of this so-called heat 
pump transformer which combines features of a chiller 
or refrigerator with those of a heat t ransformer (heat 
pump type IV) has b e e n  d e s c r i b e d  by Arh [117!. Here we 
will concentrate on another  industr ial  type (heat pump 
type III) which allows for quite high COPs  beyond 
those of conventional multi-effect cycles [118 120J. The 
type III  heat  pump is composed of a heat  puInp type 
I topping a heat  t ransformer ( type II), whereas in the 
case  of the type  IV heat  pump the s i tuat ion is  exact ly 
reverse. 

In fig'ure 15 the concept of using a heat  pump of type 
I, II, or I I I  for heat  recovery is depicted on a t empera ture  
ax i s  [72 i. Imagine that  waste heat  Q~ is available 
with the tempera ture  T~. It should be upgraded to 
the tempera tnre  T2 where heat  Q~ is required by 
some arb i t ra ry  process (figure. 15a). This upgrading c a n  
be aceomplished by a heat  pump (figure 15b), which 
recovers at least a part  of the waste heat  at 7"1 and is 
driven by pr imary  energy at Ta. The upgrading is also 
possible using a t ransformer (type II, figure I5c) which 
rejects par t  of the heat input  at  To and recovers the 
other part .  A remainder  of input  is required at T~ in the 
process. If both  heat  pumps are combined (figure 15d), 
the t ransformat ion system is opera ted  with heat  input 
at 293. it conveys heat  to the process at T2, it recow~rs 

d) 

Figure 15. Schematic drawing of different heat systems to 
recover waste heat of a process, a: no heat recovery, b: heat 
recovery with a single-effect absorption heat pump (type I). 
c: heat recovery with a single-effect absorption heat trans- 
former (type IlL d: heat recovery with a two stage system 
composed of an absorption heat pump and a transformer 
(type III). 

heat  from the process at  T~, and it rejects heat  to a sink 
at To. This is the most effective recovery system. 

Let us discuss further the special case where Q1 
e q u a l s  Q~. The heat  00 is rejected, and the heat  Qa 
is required as pr imary  energy, in order to add heat  to 
the p r o c e s s  in the case of the transformer (II) or in 
order to opera te  the heat  pump (I) or heat  pump trans- 
former (I l l) .  Several cycles are evaluated in table III. 
The cycles have been identified by the type (heat pump 
I, heat  t ransformer II and heat  pump t ransformer  III)  
and by the number of effects (single or double-effect). 
In the case of the heat  pump transformer,  the number of 
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TABLE III 
Energy saving of several types of heat recovery heat pump cycles. 

Type of cycle Temperature Lift 

No heat recovery 
a: Heat Pump (I), single-effect 

I b: Heat Pump (II), single-effect 
e: Heat Pump (III). single-effect I + single-effect II 
d: Heat Pump (III), double-lift I + single-effect II 

No heat recovery 
e: Heat Pump (I), double-effect 
f: Heat Pump (II), double-effect 
g: Heat Pump (III). double-effect I + double-effect II 
It: Heat Pump (III), single-effect I + double-effect II 

C O P Relative 
energy saving 

O% 
40 K 1.7 41 (~ 
40 K 0.45 45 '7, 
40 K 2.5 60 ~){ 
40 K 2.1 52 % 

O% 
20 K 2.0 50 % 
20 K 0.6 60 % 
20 K 4.0 75 % 
20 K 3.2 69 77~ 

effects of the topping heat pump (I) and the bot toming 
transformer (II) are both given. Two cases have been 
distinguished: one with a temperature lift of about 40 K 
between T2 and T1 and one with about hMf that  lift. 

It is immediately seen tlmt the energy saving of the 
heat pmnp transformer drastically surpasses that  of all 
tile other concepts. That  is due to the synergetic effect 
of using both the heat pump and the heat transformer 
principle in one device. The heat pump transformer 
(c) is composed of tile single-effect heat pump (a) and 
the transformer (b). So it combines the virtues but  
also the problems of botil cycles. In order to show the 
flexibility of the concept a heat pump transformer, (d) 
has been added. Due to tile use of a double-lift cycle 
for the topping heat pump. tile maximum temperature 
ill the generator can be lower than in case (e). So 
corrosion and stability problems are less severe than 
in the sole heat pump (a), and still the energy saving 
is nmch more than in the case of both pure heat 
punlp and pure heat transformer. Analogously the heat 
pump transformer (g) is composed of the heat pump 
(e) and the transformer (f). Again the heat pump 
transformer (h) requires lower operation temperatures 
and still performs w, ry satisfactorily. 

It has to be stated that the numbers representing 
the heat pump transformer systems (c), (d), attd (h), 
are based on numerical sinmlations. Tile numbers for 
system (g), however, which are the best in that table, 
have been realised experimentally [119, 120 I. 

To conclude, both types of heat pump transformers 
(III and IV) have been realised in laboratory experi- 
ments. They have not seen industrial application yet. 
Again, the high initial costs have prohibited comnmrcial 
use up to now. But it has to be kept in mind that  the 
initial cost of a simple kind of heat pmnp type III will be 
comparable to that  of a multi-effect cycle of the types I 
or II, but the COP will be nmch higher. So we think 
that the economies of a heat pump transformer type III 

can be superior to that  of a single-effect transforiner 
or even to that of a single-effect heat pump for heat 
recovery. Thus it might be concluded that  the chances 
of an application in industrial heat recow,'ry in chemical 
engineering, waste t reatment ,  food industry, and the 
like are best for this advanced cycle as compared to the 
other concepts we have discussed in this chapter. 

9 .  C O N C L U S I O N  

There are many other possibilities for applications 
of sorption systems which, however, have not reached a 
significant state of matur i ty  up the present. One of the 
evergreens, for instance, is the waste heat driven air- 
conditioner for mobile application. In the open literature 
we find only laboratory experiments. In most cases they 
have faded away due to tile fact that the systems 
become too bulky and too heavy [62]. In the recent 
years, an additional problem arose: with engines getting 
more efficient year by year, tile waste heat available to 
operate the sorption chiller becomes too small and the 
whole idea lItay t~ecome obsolete. 

Of course, sorption systems can also be applied 
for storing cold. There are reasons for considering 
this application, e.g. in firemen's cloths [122 I. Other 
investigations are being nmde for pumping heat at very 
unusual temperatures,  e.g. for topping cycles in power 
stations. For the time being however, all these ideas 
remain in a very premature stage. 

We will conclude this review with a very personal 
view on the future of sorption systems: sorption chilling 
will stay strong where it is strong today, i.e. in the 
countries which suffer from a heavy mid-afternoon peak. 
There, sorption systems compete against engine driven 
systems and for this reason will make a transi t ion 
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to, e.g. triple-effect soon. Sorption systems will not 
become mains t ream in other countries or applicat ions 
but will fill large niches, e.g. in total  energy systems, 
in industr ial  heat  recovery, in solar cooling, and of 
course in refrigeration. Large selling numbers may be 
a t ta ined for heating systems when the step beyond the 
condensing boiler happens.  But one has to he aware 
tha t  in the domestic market  the all-electric low energy 
house is a strong compet i tor  and here a heat  pump will 
suffer from long payhaek periods. 

As for the technology, we th ink that  the cla~ssical 
working pairs H~O/LiBr and NHa/HeO are here to 
stay with us. Improvements by additives are more 
likely than a changeover to completely new pairs, 
except for special applications.  On the other ha~d, 
the conventional shell and tube design will prevail only 
for very large capacities. For small  capacities we will see 
more compact  heat exchangers, like plates. Of course, 
control will be improved and bad experience with, e.g. 
crystall isation, will be a reminder  of the past. 

Final ly  we want to invite the reader who is 
interested into hearing more news about  recent 
R & D in the field to a t tend  the Internat ional  Sorp- 
tion Heat Pump  Conference from March 24th to 
26th in Munich, Germany (h t tp : / /www.zae .phys ik . tu-  
muenchen.de/konferenz/ infoishp.htm) or to consult the 
proceedings of this conference [123]. 
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