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Abstract 

Most of the cooling water from LEP has a too low temperature 
(30 to 40*C) to be considered for economical recovery of energy. 
However, it is hoped that the heat from the klystrons be removed at 
a temperature of 85"C and that this part of the LEP cooling water 
might be used for saving primary energy. 
In this study different possibilities have been investigated 
to make use of the waste heat for heating purposes during winter 
time, for saving energy in Che refrigeration process in summer and 
for power generation. Cost estimates for these installations are 
also given and show their economic drawbacks. 
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1. Introduction 

In times of continuously increasing energy prices more and more efforts are 
devoted to energy saving programs. Also waste heat recovery systems now become 
gradually more interesting and worthwhile to be seriously considered. 

The European Organization for Nuclear Research (CERN) has designed a new 
electron-positron accelerator, called LEP, which will have a total power 
consumption of 57 MW at its first construction stage ("Phase 1", for reference 
see" and ^J) a n d about 150 MW at its final stage with a beam energy of 
100 GeV. Most of that energy will be dissipated in the vacuum system by 
synchrotron radiation, in the magnets and accelerating cavities by resistive 
Losses. The dissipated energy is removed by cooling water and eventually 
transferred to ambient air through cooling towers. Unfortunately the machine 
elements, have to be operated at a rather moderate temperature for technical 
reasons so that the cooling water return temperatures are very marginal for the 
application of waste heat recovery systems. Nevertheless at least a small part 
of the cooling water (150 nH/h at phase 1) leaving the klystrons will hopefully 
be at SS'C, a temperature worth considering for heat recovery, especially taking 
into account increasing energy prices and, possibly, growing amounts of waste 
heat for later construction phases (after 1987). 

The concern of this paper is, therefore, to evaluate the potentials of heat 
recovery from the 85"C cooling water. In order to be realistic the 3tudy is 
based on the numbers of LEP phase 1 and the current cost situation. It is 
referred to a water flow rate of 75 m^/h corresponding to the production of one 
of the two areas in which RF installations will be initially located. An 
important boundary condition is imposed by the running schedule of the machine 
which foresees only 2000 h in winter time and 2500 h during summer. The ambient 
reference temperatures for these respective periods have been assumed to be 15'C 
and 22°C respectively. 

The present report studies the technical and economic aspects of heat recovery 
systems for winter and summer conditions. These systems should contribute to 
savings in fuel for heating in winter, produce chilled water in summer and/or 
general electrical energy from the waste heat. This complex is shown in 
figure 1. 
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Figure 1 : Schematic representation of the waste heat recovery from 
the cooling water o.f one klystron station (5MW) for three 
different applications 

2. Thermodynamic valuation of the waste heat 

Before we study the different possibilities for making u3e of the waste heat we 
want to give an idea of what might be the theoretical value of that amount of 
cooling water at 85°C. 
In thermodynamics one has introduced the quantity "exergy" which accounts for 
the maximum work that can be obtained e.g. from a steady stream of fluid by a 
reversible process. This exergy is not a pure state property but it also depends 
on the ambient temperature. The ratio of the exergy E to the enthalpy difference 
H of a steady fluid stream can be determined by the following formula (see 
e.g.3)) : 

E_ 
AH 1 - V ( s S o ) 

V ( T V- (1) 

This equation (1) has been calculated for the properties of water (from ̂  ) 
and the results are shown in figure 2. From there it becomes obvious that only a 
small fraction of the internal heat content (enthalpy) of the water stream can 
be made available to other energy requirements. And this fraction decreases even 
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Figure 2 : Ratio of exergy to enthalpy difference for a steady water 

stream of temperature 9 at ambient temperacure 9 0 

further if one considers the unavoidable losses that occur in practical 

processes. Nevertheless the energy gives an upper limit of the work (useful 

energy) that can be theoretically extracted from Chat fluid stream. If one thus 

compares the exergy of the cooling water of 85*C (7 5 m-Vh) with electrical 

energy which represents pure exergy one can calculate a theoretical value of 

that cooling 

water of its heat content in terms of sviss francs per year : 

vth " (É-T-C) winter + (È-T-C) 
summer 

(2) 

V t h =• 205.000,- SF/a, 

where C represents the price of electrical energy which is currently at 90 

SF/MWh during winter season and at 70 SF/MWh in summer time. 

Another way of giving an idea of what might be the value of that heat source is 

to calculate the amount of fuel that could be substituted in a warm water 

heating system with a 40*C temperature difference (85"/45*) during winter time. 

With the current oil price of 474 SF/t (* 42 SF/MWh) one obtains the following 

figure of potential savings in fuel oil : 
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S t h - A8-m-c p-T w i n t e r-C (3) 

sth * 147.000,- SF/a. 

It should be stressed again that the figures given above only indicate the order 
of magnitude of what the waste heat might be worth since both the exergy 
equivalence in electrical energy as well as the heat potential in fuel oil do 
not take into account any losses (irreversibilities) always associated with 
technical processes. They state, however, the uttermost limit for total yearly 
costs of a heat recovery system to be economic. The actual limit will of course 
depend on the efficiency of the system in question and this will therefore be 
studied in the following chapters. 

3. Use of waste heat for heating purposes in winter time 

The most direct way to make use of the waste heat is to conduct the water of 
85*C into the radiators of the CERN buildings for heating of space during winter 
time. This would also require the smallest investment compared with the other 
alternatives to be presented here. But 3Înce the waste heat will not be supplied 
continuously an alternate heating system is necessary, and one might wish, for 
reasons of better compatibility with the existing system and less 
interdependence, to keep the radiators on a closed circuit and to supply the 
heat to it via a heat exchanger. This is currently done at CERN, where a high 
temperature primary circuit feeds local secondary heating systems. Then one 
needs a supply temperature of about 115°C, and the energy contained in the waste 
water will serve to raise the return temperature of the primary circuit to that 
level. 
In this chapter we will only consider possibilities to recover the waste heat 
for heating purposes at 115*C as it is shown in figure 1. Two different systems 
will be discussed in some detail and compared in total costs with conventional 
fuel heating. The first one is an absorption heat pump with low grade heat 
supply, also called heat transformer (see also ^ ' ) , and the other one a 
compressor heat pump driven by a diesel engine with heat recovery from the 
engine cooling system. 

3.1 Absorption heat transformer 

A heat transformer is a heat pump without employing a mechanical compressor but 
just using the input heat to dissolve the working fluid (e.g. NH3) out of its 
solvant (e.g. H2O) and then liberate the useful heat when the fluid is again 
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absorbed. Details about this process can be found in LEP note 290^. We 
therefore limit ourselves to the brief presentation of the most simple heat 
transformer with it3 realistic specifications. 
This classical type of heat transformer seems most suitable for the LEP 
application because it provides a rather high heat ratio and despite the quite 
high operation pressures (at least for the commonly used ammonia-water mixture) 
it is almost state of the art (see 7') and thus its real performance and its 
delivery price can be better estimated. In figure 3 the actual scheme of such a 
heat transformer is shown together with its main parameters. The calculation has 
been based on assumptions derived from experience with installations employing 
components at similar conditions (compare example 10 in °' and " ' ) , 
Nevertheless the results are very close to those given in **) where a somewhat 
ideal behaviour of the components was assumed. 

Typical of this rather simple and reliable (no moving parts except for the 
pumps for the liquid) kind of heat recovery system is its quite small amount of 
useful heat in contrast to the large total heat exchange rate which determines 
the relatively high investment costs as we will see. Thus only 520 kW can be 
produced, under the form of heating water at 115*C, from the waste heat which is 
only exploited by 14°C, due to the limitations imposed by the properties of the 
NH3 - H2O mixture. On the other hand, that heat transformer requires only about 
17 kW of primary energy for the liquid pumps, which is less than 42 of the 
produced heat. This is its major advantage compared to the compressor heat pump 
we will consider next. 

3.2 Compressor heat pump 

The conventional heat pump is widely used and therefore its principle does not 
need to be explained here again (for reference see e.g. ' • " ' ) , The choice of 
the appropriate working fluid is usually dedicated by the employed temperature 
range. Some non-azeotropic mixtures have also been studied recently (see 11-0 
in order to realize a smaller mean temperature difference to the outside water 
circuits in water to water heat pumps and thereby to increase their efficiency. 
However, there are still hardly any experiences with those mixtures and very few 
chart3 for them so that we here will consider a pure fluor-hydrocarbon EU13 
which seems quite suitable for the LEP situation. 
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Figure 3 : Schematic layout of the classical absorption heat transformer 
for LEP waste heat recovery and its main parameters 
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In figure 4 the schematic layout of a compressor heat pump with R113 as working 
fluid is given. The indicated numbers have been calculated according to the LEP 
situation (given temperatures) and based on the charts and tables for R113, 
1-2) and 13). p o r a n exploitation of the waste heat source by 33*C the heat 
pump produces 3870 kW of heating water at 115"C (• 110 m^/h). Thus the 
production of useful heat is almost 7,5 times bigger than in the case of the 
heat transformer (see last chapter), but at the price of increased primary 
energy for the compressor. 

Throttle-
valve % 

3870 (520) kW 

t 

EQ 

£ 

6770 (965) kW 

4,0 (6,9) 

6.3 bor 

Compressor 
970 kW 
[75 kW) 

1 (2,4) bar 

Figure 4 

Evaporator 
52*(S0Y || ^ 85" 

2900 (US) kW 

Schematic layout of a compresor heat pump with R113 for 
LEP waste heat recovery; numbers in parentheses are 
relevant for the comparison with the heat transformer 

If one now would like to produce just as much heat as it was possible by the 
heat transformer (e.g. for reasons of better/fairer comparability) the 
evaporation temperature could be lifted up and thus the pressure ratio reduced. 
The numbers in pareatheses of figure 4 represent this case of operation for the 
heat pump now having an increased coefficient of performance and therefore only 
affording 14.5Z of the useful heat as power input for the compressor, which is, 
however, still considerably higher than for the heat transformer. 
Which one of the two alternatives is favourable in terms of total costs will be 
studied in the next chapter. 
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3.3 Economie comparison with usual fuel heating 

After having briefly described two possibilities for heat recovery from LEP 
cooling water for heating purposes during winter time we now want to evaluate 
those systems from an economic point of view and compare them to a usual fuel 
heating system with which they have to compete. 
This cost analysis will only be based on general estimates and therefore aims 
more to give a realistic cost relation rather than exact figures. 

Concerning the fix-costs we will assume an annuity of 10% which corresponds to 
an amortization time of about 15 years at the actual interest rate of almost 
6%. The operation costs will include both the energy costs based on the figures 
given in chapter 2 and the maintenance costs determined on the basis of 2% of 
the initial investment for the heat transformer and 10% for the heat pump with 
its less sturdy components like the motor and the compressor. 
Since the heat pumps and the heat transformers mainly consist of heat exchangers 
it has been found practical to relate their total investment costs to their 
total heat exchange rate. It has been shown (see "' and ^)) that these 
specific costs are relatively independent of the actual system's design as long 
as the order of magnitude remains the same. Only the motor of the heat pump is 
treated separately and its costs are related to its power. 
Thus with these specific costs, the total investment necessary for the recovery 
systems with a common useful heat output of 520 kW can be calculated. The 
results are collected in table 1 below. The specific costs for the heat 
transformer are 67% higher than those of the heat pump although they include the 
compressor (not the motor). The reason for that might be the higher pressures of 
the NH3-H2O mixtures and the fact that the absorber and especially the generator 
with its rectification column are somewhat more complicated than standard heat 
exchangers. As a motor, a diesel engine has been considered since it allows an 
additional exhaust heat recovery and also provides variable speed control which 
is quite difficult for an electrical motor to obtain. To be able to evaluate the 
amount of primary energy needed for each system the ratio of produced heat to 
primary energy is also included in table 1. This is the product of the 
thermodynamic coefficient of performance and Che overall efficiency of the 
driving part (motor/compressor or motor/pump). The efficiency of the diesel 
engine/compressor unit seems unusually high but it contains the effect of 
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Quantity heat transformer heat pump fuel furnace unit 

SQ 3.580 965 520 kW 

specific costs 200 120 100 SF/kW 

investment 716.000 115.800 52.000 SF 

motor power - 75 - kW 

specific motor - 220 - SF/kW 
costs 

motor costs - 16.500 - SF 

total investment 716.000 132.300 52.000 SF 

yearly fix-costs 
annuity) 71.600 13.230 (5.200) SF/a 

maintenance (2%) UOZ) 
costs 14.320 13.230 1.040 SF/a 

ratio of heat to 31,5 x 90Z » 6,9 x 45Z =• 
primary energy 28,4 3,1 0,8 -

primary energy 
(2000 h/year) 

36,6 335,5 1.300 MWh/a 

yearly operation 
costs 17.620 27.320 55.640 SF/a 

total yearly 
costs 89.000 41.000 (61.000) SF/a 

Table 1 : Economic comparison of the heat recovery systems for 
heating during 2000 h per year at 520 kW 

exhaust heat recovery. 
To give an idea of how much it would cost to produce the heating water by a 
usual fuel furnace the respective numbers for that are also contained in 
table 1. But since that furnace has to substitute the recovery systems during 
shut-down times of LEP it has to exist anyway and therefore only its yearly 
operation costs can be considered for a fair comparison. Now, the figures for 
total yearly costs clearly indicate, although they cannot claim to be 
indisputably fixed, that the compressor heat pump is by far the most economical 
recovery system for the waste heat from LEP and can even save a considerable 
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amount of money when substituting conventional fuel heating. On the other hand 
the absorption heat transformer is too expensive because of its large heat 
exchange areas with relatively high operation pressures so that its very low 
comsumption of primary energy cannot compensate for that. 
It should be remembered that the compressor heat pump can produce more than only 
520 kW (the limit of the absorption heat transformer) of heating water at 115*C 
from the LEP waste heat as was shown in chapter 3.2. But then the coefficient of 
performance becomes less favourable because of the increased pressure ratio. It 
remains, however, more economical Chan the fuel heating by about 25% at its 
maximum power output of 3870 kW. 

4. Summer time use for air-conditioning purposes 

A further application of LEP waste heat would be the production of chilled water 
(5*C) for air conditioning purposes during summer time. This cooling task seems 
to be most elegantly solved by an absorption machine. And indeed these machines 
with their different modifications have been very well established for quite a 
long time (see 16)) especially in the domain of ice production and deep-frozen 
food. Therefore we want to evaluate Che potentials of a classical absorption 
refrigeration machine here and compare its economics with a compressor 
refrigeration machine which is usually employed in cooling plants for 
air-conditioning. 

4.1 Absorption refrigeration machine 

The classical (single stage) absorption refrigeration machine which we will 
discuss here i3 very similar to the heat transformer of chapter 3.1 with the 
same components only differently connected and working at different conditions 
according to the respective temperatures (for comparison see al3o LEP note 
2961')). The so called "thermal compressor" of absorber and generator ia again 
driven by the waste heat from LEP to produce now chilled water of 5°C in the 
evaporator by the refrigerant NH3. The actual set-up of this machine is shown in 
figure 5 where the indicated values for temperatures, pressures and heat fluxes 
describe its performance. As in the case of Che heat transformer the calculation 
has been based on well established assumptions and the properties of the NH3-H2O 
mixture. 
Thus 71Z of the exploited LEP waste heat (temperature reduction of 16*C) can be 
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Figure 5 : Schematic layout and the main parameters of a c l a s s i c a l 
absorpt ion r e f r i g e r a t i o n p lan t for heat recovery from 
LEP during summer time 
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recovered for the chilled water production of 1 MW (̂  172 m-Vh with an assumed 
return temperature of 10*C). On the other hand only 4,2 kW of additional primary 
energy are required for pumping which is less than 0,52 of the useful cooling. 
However, because of the restricted temperature range (2°C) a rather high rate of 
cooling water (22*C during summer) is necessary to withdraw the heat from the 
absorber and the condenser. Also the total heat exchange rate of 5950 kW is 
again relatively high compared to the cooling of 1 XW. We will see in the next 
chapter whether this creates investment costs that again make this recovery 
system uncompetitive with the alternative employment of a compressor 
refrigeration machine. 

4.2 Economic comparison with usual refrigeration plants 

A compressor driven refrigeration machine is usually applied for 
air-conditioning purposes. It is basically the same machine as the heat pump 
described in chapter 3.2 except for the different temperature range which 
implies a different working fluid. Also the waste heat can be no longer used as 
heat or power source. Such a machine is schematically shown in figure 6 (compare 
with figure 4). The indicated numbers give the basis for the economic comparison 
with the absorption refrigeration machine. 
To calculate the total yearly costs of both machines we again consider specific 
costs for the total investment and an annuity of 10Z. The costs for the motor, 
however, will now be included in the somewhat increased specific costs since a 
conventional electrical motor will be chosen. The equipment of exhaust heat 
recovery of a diesel engine is no longer needed and therefore does not favour 
this less reliable type of motor. 
The most important quantities for the economic comparison of the two machines 
are collected in table 2. They clearly prove that the absorption refrigeration 
machine is again too expensive so that the savings in primary energy due to the 
exploitation of the waste heat source cannot compensate the investment costs. It 
shall be noted that the specific investment costs are slightly decreased for the 
absorption machine because of the lower operation pressures with the NH3 - H2O 
mixture. On the other hand the higher maintenance costs for the motor/compressor 
unit of the compressor refrigeration machine are again included in the 10Z rate 
of the total investment costs. 
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Figure 6 : 
Schematic layout of a usual 
compressor driven r e f r i g e r a t i o n 
machine with SI14 as working f lu id 

Quantity absorption machine compressor machine unit 

£Q 5.950 2.170 kW 

specific costs 
investment 180 125 SF/kW 

total investment 1.071.000 271.000 SF 

yearly fix costs 
(annuity) 107.000 27.000 SF/a 

maintenance costs (2Z) 21.000 (10Z) 27.000 SF/a 

ratio of coldness 238 x 90Z - 5,8 x 90Z -
to primary energy 214 5,2 -

primary energy 
(2500 h/a) 

U,7 481 MWh/a 

yearly operation 
costs 22.000 61.000 SF/a 

total yearly costs 129.000 78.000 SF/a 

Table 2 : Economic comparison of two a l t e r n a t i v e s to produce c h i l l e d 
water of 5*C (1000 kW - 172m 3/h) during 2500 h /a 
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5. Heat recovery for power regeneration 

A last possibility to make use of the waste heat from LSP to be iscuS3ed here 
is the power generation by an organic vapor turbo-generator unit. With such a 
machine it would be possible to produce electrical power whenever LEP will be in 
operation . 
A firm-^) which specializes in manufacturing those units for waste heat 
recovery has been contacted by B.. Perin for obtaining a preliminary coat 
estimate for a plant suitable for the LEP situation. The principle layout of 
such a plant is shown in figure 7. According to the different temperatures of 
the available cooling water during âummer and winter the net power output (380 
V) varies approximately from 120 to 150 kW respectively. With equation (2) one 
can now calculate the value of the generated electrical energy per year : 

'real 43.000 SF/a. (4) 

Pump (T) 

Evaporator 

Turbine 
»/\ 

X 4 150/ 
120 kW 

Generator 

Condens er 

15"/22* | 

Heat rejection 

Figure 7 : Schematic representation of an organic vapor turbo
generator plant for electrical power generation from the 
LEP waste heat for winter and summer time conditions 
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The ratio of the real and the theoretical value of the waste heat gives us the 
conversion efficiency from the exergy to electrical energy which is 23Z for this 
machine. 
The total investment costs are estimated at about 700.000,- SF which amounts to 
yearly capital costs of 70.000,- SF/a at the assumed annuity of 10Z. The total 
yearly costs including maintenance would even be considerably higher and there
fore this installation cannot be economically recommended at least not at the 
given conditions of operation time, energy prices, etc. 

6• Conclusions 

In the previous chapters several different ways to make use of the waste heat 
from LEP (cooling water of 85°C from the klystrons) have been studied. After 
having briefly presented the technical aspects of the recovery systems the main 
concern of this paper was their economic feasibility. As it turned out the only 
economically interesting application seems to be the production of heating water 
of 115*C for heating purposes during winter time by a conventional compressor 
heat pump, powered by a diesel engine with exhaust heat recovery. All the other 
recovery systems investigated here, especially Che absorption machines which 
look very promising from a thermodynamic point of view, afford too much capital 
to be returned by their useful energy production. Thi3 conclusion would not have 
to be changed for future LEP phases with just higher rates of waste heat unless 
the current price situation for energy or the involved technical equipment would 
change drastically. 
Thus one should closely look at possibilities to integrate the source of waste 
heat from LEP klystrons into the heating water circuits on CERN site. 
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8. Abbreviations 

Greek symbols 

A - difference 

e - coefficient of performance, efficiency 

£ - heat ratio 

8 - temperature 

Z - summation, total 

T - operation time 

Subscripts 

Unit 

c - price of energy units SF/ktfh 

CP - specific heat at constant pressure kJ/kg/K 

E - exergy kJ 

è - exergy flow, electrical energy kW 

H - enthalpy kJ 

m - mass flow kg/s 

Q - heat flow kW 

s - specific entropy kJ/kg/K 

S - energy savings SF/a 

T - absolute temperature K 

V - economic value SF/a 

c - cooling 

h - heating 

th - theoretical 

o - environment, at ambient temperature 
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