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For power generation, steam cycles make an efficient 
use of medium temperature heat sources. They can be adapted to 
dry cooling, higher power ratings and output increase in winter 
by addition of an ammonia bottoming cycle. Active development 
is carried out in this field by "Electricité de France**. 

As far as heat sources at higher temperatures are con
cerned, particularly related to coal-fired or nuclear power 
plants, a more efficient way of converting energy is at first 
to expand a hot working fluid through a gas turbine. 

It is shown in this paper that a satisfactory result, 
for heat sources of about 770°C, is obtained w.ith a topping 
closed gas cycle of moderate power rating, rejecting its waste 
heat into the main steam cycle. Attention has to be paid to 
this gas cycle waste heat recovery and to the coupling of the 
gas and steam cycles. This concept drastically reduces the 
importance of new technology components. 

The use and the significance of an ammonia bottoming 
cycle in this case are investigated. 



NOMENCLATURE 

°C = degree centigrade 
LP, MP, HP = low, medium, high pressure 
MWe, MWt = megawatt electrical, megawatt thermal 
CCGT = closed cycle gas turbine 
HTGR-(GT) = high temperature gas-cooled reactor 

-(gas turbine) 
Pa = pascal 
MPa = megapascal. 
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1 - INTRODUCTION 

As a consequence of the growing world energy crisis, 
the stronger and stronger incentive to resources conservation 
and the more and more stringent regulations for environment 
protection, the interest for more efficient power generation 
systems should be heightened in the future. 

According to thermodynamics, an increase in thermal 
efficiency involves the use, at least partly, of heat sources 
at temperature levels somewhat higher th?n presently adopted 
for large power plants. 

As far as heat source temperatures higher than those 
needed for steam generation at conventional conditions are con
cerned, the use of a gas turbine, more particularly in the high 
temperature range, has to be considered. Combined gas and steam 
cycles are also a solution. 

At present, gas cycle concepts are investigated for 
future coal-fired, solar and nuclear power plants. In this field, 
the important U.S. program (CCGT Program) for developing large 
or medium size closed gas cycle coal-fired power stations is 
worth being mentioned (1), (2), (3). In other respects, gas 
turbine - high temperature gas-cooled reactors (HTGR-GT) are 
being further studied (4), (5), (6). 

Concerning these different future applications in which 
a working fluid is heated up to 750/800°C or more, the heating 
process is not isothermal ; it is indeed effected according to 
a temperature variation curve from roughly 400°C to the upper 
temperature. Now, the lower temperature part is well suited to 
steam cycle conditions and only the high temperature zone is 
naturally adapted to a gas cycle. This leads to the notion of 
two conversion systems heated by respective parts of a heat 
source. 



- 2 -

The purpose of this paper is to present such a system 
and to show that it is possible to reach a high conversion 
efficiency, in accordance with the top temperature level, by 
satisfactorily coupling and matching the two steam and gas 
cycles. Consequences for performances and plant components can 
be very important. 

The improvement of the power plant efficiency is a 
first step towards the protection of the environment with regard 
to thermal discharges. Dry cooling would be a further, important 
progress in this field. It is shown in this paper that the pro
posed combined steam-gas cycle concept is naturally adapted to 
the principles and conditions of an ammonia bottoming cycle 
presently under active development at ELECTRICITE DE FRANCE 
(EDF) for application to large dry-cooled steam cycle nuclear 
power plants (7), (8). It is indeed quite judicious to associate 
a high efficiency system with dry cooling. 

Although the concept presented can be applied to 
various kinds of high temperature heat sources, it is not pos
sible to describe more than one application within the scope of 
this paper. A HTGR-GT is concerned here ; a core outlet tempe
rature of 770°C and a corresponding gas turbine inlet tempera
ture of 750°C, taking account of a secondary circuit, feature 
the reference design. A 820°C version is also quickly assessed. 
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2 - PRINCIPLES AND POTENTIAL OF THE TOPPING GAS CYCLE CONCEPT 

The proposed concept originates from an attempt to 
fulfil different conditions such as : 

- To reach a high energy conversion efficiency in accordance 
with the top temperature of the system ; 

- To use thermodynamic cycles in temperature ranges well suited 
to them ; 

- To use both a gas cycle, namely a closed cycle, and a steam 
cycle ; 

- To utilize the gas cycle as efficiently as possible, that is 
to say to recover all its available waste heat for the benefit 
of the steam cycle, as a matter of fact for feedwater heating 
and steam reheating ; 

- To operate the gas and steam cycles on secondary circuits, 
in order to isolate them from the heat source primary circuit ; 

- To adopt in each case cycle conditions as usual as possible ; 

- To obtain a satisfactory result with a high rating conven
tional steam cycle and a lower rating gas cycle, the compo
nents of which correspond to a newer technology ; 

- To make it possible to operate the plant with the main steam 
cycle alone, under satisfactory conditions. 

Wet-cooled Power Plant 

The research work carried out in this direction 
results in the plant concept,shown in Fig. 1,which uses a 
nuclear heat source,as already mentioned. The gas cycle is 
heated through an intermediate heat exchanger, IL is a simple, 
non-intercooled,recuperative gas cycle. The steam generator 
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supplies conventional H.P. superheated live steam. It utilizes 
a little more than the two thirds of the total heat available 
for the two cycles and it generates about 75 per cent of the 
total shaft power. 

In addition to the use of the available heat by the 
two cycles according to that distribution, another feature 
of the concept is the particular utilization of all the heat 
rejected by the gas cycle, downstream of the L.P. side of the 
recuperator, for LP, HP feedwater heating and LP steam reheating. 
In normal operation, bleed steam is used for heating only half 
of the HP feedwater mass flow but either for heating LP feed-
water nor reheating LP steam. 

The input of heat from outside into a steam cycle has 
already been studied, for instance in the case of a pressurized 
water nuclear reactor assisted by solar energy ; additional 
solar heat, naturally intermittent, is also used for feedwater 
heating and steam reheating (5.O.A.R. - Solar-Assisted Reactor) 
(9). Another example is given by (10) which is devoted to the 
coupling of a fossil-fired gas turbine with a solar heated 
steam cycle. There can be also similar problems in repowering 
applications (11). 

With regard to the temperature distribution of the 
heat source primary coolant, the two successive ranges from 
770°C to about 630°C and from 630°C to about 340°C correspond 
respectively to the gas and steam cycles, a satisfactory adap
tation to usual fields of utilization, as a matter of fact. 

Dry Cooling and Ammonia Bottoming Cycle 

It appears that the proposed concept is well suited 
to dry cooling according to the EDF solution (7), (8) for the 
reason that the waste heat rejection exclusively concerns the 
main steam cycle. The adaptation of the system, as shown in 
Fig. 5, relates to the lower temperature part of the gas cycle 
waste heat which is used for partly heating liquid ammonia. 
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Adopted ammonia cycle conditions are very similar to the ones 
applicable to large steam cycle power plants. Thus, the same 
reasons as those of EDF can be put forward for the use of an 
ammonia bottoming cycle (7), (8) : 

- Dry cooling possibility for large steam cycle power plants, 

- Possible increase of the power rating of steam turbosets, 

- Increase of the power output by cold weather, 

- Possibility of large 3000 r.p.m steam turbines, 

- Easier solutions for plant location. 

The resulting slight increase in the percentage of 
the gas cycle heat consumption and power output does not 
basically modify the respective importance of the steam and gas 
cycles. 

Further Application i Cogeneration 

Although this application does not square directly 
with the scope of this paper, it is important to emphasize here 
the promises the concept could show for the combined generation 
of power and process or district heat. The relatively small 
topping gas cycle would play a prominent part in this field for 
the following reasons : 

- Its waste heat is easily available on an extended range of 
temperature ; 

- It is a closed cycle and its load can be changed quite easily, 
without conversion efficiency penalty, by varying the working 
gas inventory, i.e. the mean pressure of the circuit ; 

- A further improvement in increasing process heat conditions, 
performances and operational flexibility can be offered by a 
recuperator by-pass arrangement as described in (12) , (13), 
(14) and summarily shown in Fig. 8. 
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The consequences of changes in process or district 
heat demand on the main steam cycle would be minimized. 

Thus, basic requirements for cogeneration central 
stations can be met : 

- high equivalent conversion efficiency, 
- high power to heat ratio, 
- actual operational flexibility. 

Concept Evolution of Large Gas Turbine Systems 

The topic discussed in this paper can be considered 
as a further step in the research of an acceptable gas turbine 
conversion system capable of utilizing heat sources at a rather 
high temperature. It follows valuable previous studies (1), (2), 
(3), (4), (5), (15) and can be considered as an approach comple
mentary but different from a preceding version also involving 
a combined gas-steam cycle but featured by a main gas cycle 
and a small bottoming steam cycle (16). It can help to solve 
the major problem of the main gas heater by drastically reducing 
its thermal power rating and its dimensioning requirements, 
given the temperature distribution of the secondary circuit. 
This naturally concerns future coal-fired close cycle power 
plants, but also HTGR-GT power plants which should probably be 
fitted with an intermediate main heat exchanger, at least for a 
first generation of power plants, for reasons of maintenance, 
operation of the gas turbine,and integrity of the primary 
circuit. 



- 8 -

Table 1 - Wet-Cooled Topping Gas Cycle Power Plant — 
- Heat, Power, Efficiency -

Heat Source/Gas Cycle, Top Temperature^C 
Reference 

Case 
770/750 820/800 

Heat Transferred to Steam Cycle (1), MWt 
Heat Transferred to Gas Cycle (1), MWt 
Total Heat Transferred to Cycles (1), MWt 
Percentage of Total Heat Transferred 
to Gas Cycle, per cent 
Heat Source Thermal Rating, MWt 
Steam Cycle Net Electric Power, (3) MWe 
Gas Cycle Net Electric Power, (3) MWe 
Total Cycles Net Electric Power, (3) MWe 
Percentage of Gas Cycle 

Net Electric Power, per cent 
Net Plant Electric Power (4) (5), MWe 
Net Plant Efficiency, per cent 

1386 
664 

2050 

32.4 
2022 
710(2) 
236 
946 

24.9 
910 
45 

1325 
740 

2065 

35.8 
2038 
710(a) 
272 
982 

27.7 
947 
46.5 

(1) According to Fig. 1 for the reference case. 
(2) Reference net shaft electric power (EDF Standard) 
(3) Transformer power output (plant auxiliary power not 

deducted) 
(4) All losses and auxiliary power are deducted 
(5) Ambient air temperature : 11°C 
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3 - REFERENCE CONCEPT WITH CONVENTIONAL COOLING 

The aforementioned principles are at first applied to 
a helium cooled nuclear heat source of intermediate thermal 
powex rating and conservative core outlet temperature. 

The main heat, power and temperature data are indicated 
in Fig. 1. Unquestionable for the primary circuit, helium is 
also selected as the working fluid of the secondary circuit. 
Given the temperature conditions of the intermediate heat 
exchanger, and for the reference application, a gas turbine 
inlet temperature of 750°C can easily be adopted in connection 
with a core outlet temperature of 770°C. For the somewhat more 
advanced but presently practicable plant also investigated, the 
corresponding temperatures are 800°C and 820°C respectively. 

The heat, power and efficiency values of these two 
cases are given in Table 1. A steam turbine shaft power ranging 
about 700 MWe, exactly 710 MWe, is adopted as the basis of the 
performance assessment. It corresponds in France to a standard 
power rating for conventional steam cycle power stations. As 
far as the reference case is concerned, the resulting net 
shaft power of the gas cycle is 236 MWe, that is to say 24.9 
per cent of the total net shaft power of the plant. By taking 
account of the power needed for auxiliaries, the plant net 
electric power amounts to 910 MWe, to be related with the heat 
source thermal rating of 2022 MWt. The resulting net plant 
efficiency reaches the noteworthy value of 45 %. For the 800°C 
gas cycle, the corresponding efficiency is 46.5 % and the gas 
turbine supplies 27.7 per cent of the net plant shaft power. 

The main gas and steam cycles conditions are given in 
Table 2. The recuperator effectiveness is limited to 0.900 and 
the helium compressor inlet temperature is 45°C. The compressor 
helium mass flow barely reaches the moderate value of 400 kg/s. 
The adopted compressor pressure ratio is either 2.8 for the 
750°C gas cycle or 3 for the 800°C cycle. The corresponding 
primary helium mass flows are respectively equal to 885 kg/s 
and 835 kg/s. 
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Table 2 - Net-Cooled Topping Gas Cycle Power Plant — 
- Main Conditions of the Primary Circuit, Gas Cycle and Steam 

Cycle -

1 

Reference 
Case 

Heat Source 
Inlet/Outlet Temperature, *C 340/770 360/820 
Helium Mass Flow, Kg/s 885 835 

Gas Cycle (Helium) 
Gas Turbine Inlet Temperature, *C 750 800 
Compressor Pressure Ratio, 2.8 3 
Recuperator Effectiveness, 0.900 0.900 
Compressor Mass Flow, Kg/s 399 392 
Compressor Inlet Temperature, °C 45 45 
Turbine Cooling Flow, per cent 2.5 3 
Compressor Outlet Pressure, MPa 6 6 

Steam Cycle 
Admission HP Steam Pressure, MPa 16 18.8 
Admission HP Steam Temperature, *C 540 540 
Feedwater Temperature, °C 235 250 
Reheat LP Steam Pressure, MPa 0.48 0.57 
Reheat LP Steam Temperature, °C 235 250 
Condenser Pressure, Pa 4200 4200 
Ambient Air Temperature, *C 11 11 
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Concerning steam cycles, conditions common to the two 
investigated applications are 11°C for the ambient air tempe
rature, 4200 Pa for the turbine exhaust pressure, 540°C for the 
HP steam admission temperature. The other key conditions, HP 
steam admission pressure, feedwater temperature and reheat 
steam pressure are somewhat higher for the 820°C heat source, 
namely 18.8 MPa instead of 16 MPa, 250°C instead of 235°C, 
0.57 MPa be compared to 0.48 MPa in the reference case. A 
conventional LP reheat steam cycle is particularly well suited 
to the present application and steam generator conditions are 
very similar to those considered in recent steam cycle HTGR 
projects (17). 

As shown in Fig. 1, the total amount of heat rejected 
by the gas cycle downstream of the recuperator is efficiently 
used for reheating all the LP steam, for heating 50 per cent 
of the HP feedwater and for heating all the BP feedwater. The 
temperature conditions of the concerned helium-vater heaters 
and helium-steam reheater of the reference case are shown in 
Fig. 2. 

The plant diagram is summarily illustrated in Fig. 3. 
With regard to the arrangement in series of the units of the 
helium-helium heat exchanger and of the steam generator, solu
tions involving either units superposed in a same cavity 
(Fig. 4a), or units located in separate cavities (Fig. 4b), can 
be proposed. 
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Fig. 3 - Reference Wet -Cooled Topping Gas Cycle Power Plant 
- Plant Diagram -
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4 - APPLICATION TO DRY COOLING BY USING AN AMMONIA BOTTOMING 
CYCLE 

One of the main feature of the power plant presented 
in Chapter 3 is its high conversion efficiency. It is a first 
incentive to the use of dry cooling. 

Moreover, the rejection of all the waste heat of the 
plant through a steam cycle condenser is a reason for achieving 
this dry cooling by means of the EDF solution, namely an ammonia 
bottoming cycle (7), (8). 

It is indeed possible to adopt to a large extent the 
EDF ammonia cycle conditions in order to take advantage of the 
important development work carried out in this field. These 
conditions are given in Table 3. The point to be emphasized is 
the selection of a rather low pressure (3.45 MPa), low tempe
rature (71.5°C), saturated ammonia cycle. Ammonia vapor super
heating is not considered as thermodynamically advantageous, 
contrary to liquid ammonia heating. As shown in Fig. 5, the 
preheating of a part, namely 45 per cent, of the liquid ammonia 
flow is effected by utilizing the lower temperature waste heat 
of the gas cycle ; for the balance 55 per cent, a derived ammo
nia vapor flow is used. The mean condensing ammonia-air tempe
rature difference in the cooling tower is about 20°C and the 
reference ambient air temperature is 11°C. As a matter of fact, 
in order to make a more efficient use of the aerocondenser, 
different conditions are adopted at the exhaust of the asymme
trical double flow ammonia turbine (8). 

The temperature difference between the condensing 
steam and the boiling ammonia in the ammonia boiler is 6°C, a 
mean value among different ones already considered in such 
applications. 

The resulting steam turbine exhaust pressure and tem
perature are 42 500 Pa and 77.5°C respectively. These key 
parameters do not exactly correspond to the thermodynamical 
optimum but can be considered as a satisfactory compromise 
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Table 3 - Dry-Cooled Topping Gas Cycle Power Plant 
with an Ammonia Bottoming Cycle — 

Main Conditions of the Gas, Steam, Ammonia Cycles -

Reference 
Case 

Heat Source 
Inlet/Outlet Temperature, °C 340/770 360/820 

Gas Cycle (Helium) (1) 
Gas Turbine Inlet Temperature °C 750 800 
Compressor Pressure Ratio, 2.95 3.1 
Compressor Mass Flow, Kg/s 519 515 
Compressor Inlet Temperature, °C 36 36 

Steam Cycle (1) 
LP Steam Turbine Exhaust Pressure, MPa 0.0425 0.0425 
LP Steam Turbine Exhaust Temperature,°C 77.5 77.5 

Ammonia Cycle (Saturated) (2) 
Turbine Inlet Pressure, MPa 3.42 3.42 
Turbine Inlet Temperature, °C 71.5 71.5 
Turbine Outlet Pressures (3), MPa 1.36 1.36 

, MPa 1.06 1.06 
Turbine Outlet Temperatures (3), °C 35.2 35.2 

°c 26.8 26.8 
Ammonia Boiler Temperature Difference, 

°C 6 6 
Cooling Tower Mean Temperature 
Difference, °C 20 20 
Ambient Air Temperature, °C 11 11 

(1) See Table 2 for other Conditions 
(2) Reference "Electricité de France" 
(3) Asymmetrical double flow turbine with different exhaust 

pressure and temperature. 
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Table 4 - Dry-Cooled Topping Gas Cycle Power Plant 
with an Ammonia Bottoming Cycle — 

- Heat, Power, Efficiency -

Heat Source/Gas Cycle, Top Temperature, °C 
Reference 

Case 
770/750 820/800 

Heat Transferred to Steam Cycle (1), MWt 1666 1600 
Heat Transferred to Gas Cycle (1), MWt 896 980 
Total Heat Transferred to Cycles (l),MWt 2562 2580 
Percentage of Total Heat Transferred 

to Gas Cycle, per cent 34.9 38 
Heat Source Thermal Rating, MWt 2530 2548 
Heat Transferred to Ammonia Cycle 

(2), MWt 1390 1400 
Steam Cycle Net Electric Power (4), MWe 710(3) 710(3) 
Ammonia Cycle Net Electric Power (5),MWe 118 120 
Gas Cycle Net Electric Power (4), MWe 328 378 
Total Cycles Net Electric Power (4), MWe 1156 1208 
Percentage of Gas Cycle 

Net Electric Power, per cent 28.3 31.3 
Net Plant Electric Power (6), MWe 1115 1164 
Net Plant Efficiency, per cent 44.1 45.7 

(1) According to Fig. 5 for the reference case 
(2) Heat rejected from the steam cycle 
(3) Reference net shaft electric power (EDF standard) 
(4) Transformer power output (plant auxiliary power not deducted) 
(5) Ammonia pumping power and air fan power of the dry cooling 

tower are deducted 
(6) All losses and auxiliary power are deducted 
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between thermodynamics and economics. The other steam conditions 
are the same as in Chapter 3. 

Concerning the reference 750°C gas cycle, the compres
sor inlet temperature can be as low as 36°C ; it is the reason 
why it is necessary to adopt a compressor pressure ratio of 
2.95. 

For the reference 750°C and the somewhat more advanced 
800°C gas cycles, the main heat, power and efficiency values 
are given in Fig. 5 and more in detail in Table 4. First of all, 
it appears that the net plant efficiency reaches 44.1 % for the 
reference application and 45.7 % for the other. These values 
can be considered as very satisfactory for large dry cooled 
power plants. Owing to additional irreversibilities attached 
to the ammonia cycle and also to an insufficient optimization 
of the system, these values are somewhat lower than in the case 
of a wet-cooled gas-ste~m cycle power station. Considering the 
same 710 MWe reference shaft power rating of the steam turbine, 
the corresponding net shaft powers of the ammonia and gas 
turbines are, for the reference case, 118 MWe and 328 MWe res
pectively, that is to say a percentage of gas turbine power 
output of 28.3 per cent. The resulting net plant electric power 
is 1115 MWe, obtained from a heat source thermal power rating 
of 2530 MWt. At its nominal load, the gas cycle needs 34.9 per 
cent of the available amount of heat. The share of the gas cycle 
is a little larger in the case of the 800°C gas cycle. 

An important advantage of a power plant incorporating 
an ammonia bottoming cycle is its ability to generate more 
power with an improved efficiency by cold weather. Results for 
an ambient air temperature of - 10°C are given in Table 5. 
Respectively for the reference 750°C, and the 800°C gas cycles, 
the net plant power output increases from 1115 MWe to 1164 MWe 
and from 1164 to 1215 MWe ; the corresponding net plant effi
ciencies are 46 per cent and 47.7 per cent. There are not 
turbine exhaust limitations at the same extent as for conven-
tional condensing strain turbines (7), (8). 
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Table 5 - Dry-Cooled Topping Gas Cycle Power 
with an Ammonia Bottoming Cycle — 

- Power Output by Cold Weather -

Heat Source/Gas Cycle, Top Temper autre,0 C 

Reference 
Case 

770/750 820/800 

Ambient Air Temperature, °C 
Total Heat Transferred to Cycles (l),MWt 
Heat Source THermal Rating, MWt 
Total Cycles Net Electric Power (2), MWe 
Electric Power Increase, MWe 
Net Plant Electric Power, (3) MWe 
Net Plant Efficiency, per cent 

• 

- 10 
2562 
2530 
1205 
49 

1164 
ii 

- 10 
2580 
2548 
1258 
50 

1215 
47.7 

(1) According to Fig. 5 for the reference case 
(2) Transformer power output (plant auxiliary power not deducted) 
(3) All losses and auxiliary power are deducted 
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The complete gas cycle waste heat utilization for the 
benefit of both steam and ammonia cycles is shown in Fig. 6 
which is a temperature-heat chart. 

This succinct presentation is completed by the plant 
diagram in Fig. 7. 
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5 - OPERATING CONSIDERATIONS 

The operation of c tibined gas-steam cycles systems 
is not at all a new topic and related problems have been 
satisfactorily solved in existing power plants. 

The gas-steam cycles combination presented in this 
paper differs from the current practice because the gas cycle 

a waste heat is used not at medium temperature for water evapo-a ration or steam superheating, but at lower temperature for 
feedwater heating and LP steam superheating. Similar applications 
can nevertheless be found (9), (11), and convenient operational 
arrangements are available. 

Given this subject cannot be dealt with in detail 
within the scope of this paper, only related basic remarks 
can be put into words. 

Availability of both Gas and Steam Turbines 

In this case, the fundamental notion to be emphasized 
is the inherent flexibility of the topping recuperative closed 
gas cycle, owing to the following points : 

- Gas cycle load variations are easily achieved on an extended 
operational range by changing the working gas inventory, that 
is to say the mean circuit pressure ; this means of load 
adaptation does not modify the cycle temperaturesnor the 
cycle efficiency, which is unquestionably favourable to the 
part-load efficiency of the combined cycle ; 

- Other usual control devices, i.e. main cycle by-passes, can 
be used ; 

- The recovery of the waste heat is effected over a significant 
temperature variation and without a phase change of fluids ; 
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- Another attractive possibility which would be very useful 
in the case of a temperature change of the heat sink involving 
a modification of the compressor inlet temperature, consists 
in using the so-called by-pass arrangement on the LP side 
of the recuperator. Details about this adjustmer of recupe
rative gas cycles can be found in (12), (13), (14;, (16). A 
limited LP gas flow by-pass, effected from an intermediate 
temperature of the recuperator LP side, as shown in Fig. 8, 
would be suitable to the present application. In this way, 
the right amount of heat can be transferred to the steam 
cycle without a significant efficiency penalty. 

Unavailability of the gas turbine 

Given it roughly generates the three-quarters of 
the plant power output, it is important to run the steam cycle 
in the event of the unavailability of the gas turbine. In such 
a case, no heat is transferred through the top helium-helium 
heat exchanger and the heat source outlet temperature is 
decreased down to a temperature in accordance with the adapted 
heat rating of the steam generator. In order to minimize the 
steam turbine disturbancies, the feedwater temperature at the 
inlet of the steam generator can be lowered, the bleed steam 
flow for the HP feedwater heaters can be adjusted and the 
balance amount of heat required for LP steam reheating and for a 
part of feedwater heating could be supplied by the reactor 
auxiliary cooling loops ; the resulting increase in the reac
tor coolant mass flow could not exceed 10 per cent. The decrease 
in the steam cycle efficiency would not be very different from 
an usual part-load efficiency. 
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6 - SIGNIFICANCE OF THE TOPPING CLOSED GAS CYCLE CONCEPT 

The results presented in Chapters 3 and 4 have not 
to be considered as final ones. They are indeed obtained on 
the basis of several studies made previously in the industry, 
but they correspond, nevertheless, to a first approach carried 
out without a significant program in this field. An extensive 
optimization has not yet been possible. It is the reason 
why these results are open to improvement. 

The purposes of this research about a plant concept 
utilizing a heat source at a relatively high temperature and an 
energy conversion system consisting of a main steam cycle and 
a topping gas cycle of moderate power rating are mentioned in 
Chapter 2. They can be considered as satisfactorily achieved 
up to now. 

Wet-cooled Nuclear Heat Source 

In the case of a conventional wet cooling, it is 
possible to reach a net plant power efficiency of 45 per cent 
in conditions as follows : 

- The outlet temperature of the nuclear heat source does not 
exceed 770°C ; 

- 75 per cent of the electricity is generated by a conventional 
steam turbine ; 

- The temperature conditions of the steam generator are in 
accordance with the state of the art ; 

- The power output of the topping closed gas cycle is limited 
to 25 per cent of the total plant output ; 

- The gas cycle working fluid is separated from the reactor 
coolant by an intermediate heat exchanger, which is very 
advantageous for the maintenance of the turbocompress o r ; 
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- The dimensions of this intermediate heat exchanger are 
reduced, because of the limited amount of heat to be trans
ferred, and also owing to favourable conditions of tempera
ture difference ; the dimensions of the gas cycle components 
are also limited ; 

- The gas turbine inlet temperature is quite within the range 
of the present technology ; 

- Operating requirements can be met and the plant can be ope
rated with the main steam cycle alone. 

A 800°C topping gas cycle would make it possible to 
increase the plant efficiency up to 46.5 per cent. 

Dry-cooled Nuclear Heat Source 

Given all the heat rejection of the plant takes place 
in the steam cycle condenser, it is possible to adapt the 
plant to dry air cooling by means of an ammonia bottoming cycle 
under development for large steam cycles (7), (8) . Thus, in 
spite of constraints related to dry cooling, and for the refe
rence ambient air temperature, the plant efficiency can reach 
44.1 per cent and 45.7 per cent for a gas turbine inlet tempe
rature of 750°C and 800°C respectively. These results are also 
significant ard they are important for the cooling tower 
dimensioning. 

A further advantage of dry cooling by means of an 
ammonia cycle is the noticeable increase of the plant power 
output and efficiency by very cold weather, in a period of time 
when power is more needed. 

Wet-cooled coal-fired combined cycle power plants 

This combined cycle concept can be applied to future 
coal-fired gas cycle power plants provided with an atmospheric 
fluidized bed combustor, as now under investigation (1), (2), 
(3). Owing to the combustor efficiency, the stack losses and the 
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additional power needed for plant auxiliaries the net plant effi
ciency would be equal to about 40 per cent and 41.5 per cent 
for gas turbine inlet temperatures of 750°C and 800°C respec
tively. These values are valid for plants designed for meeting 
the requirements of the recent U.S. environment protection 
regulations and can be considered as attractive. 

Comparative Results 

Fig. 9 shows a comparison between the efficiency of 
three different nuclear power plants : 

a) An up-to-date light water reactor, 
b) A liquid metal fast breeder reactor with steam superheating, 
c) 770°C and 820°C combined gas-steam cycle power plants. 

The values of both the actual net efficiency and the 
ratio : 

actual net efficiency 
Carnot efficiency ' 

are given as a function of the heat source top temrerature. It 
appears that the proposed combined cycle concept makes it pos
sible to reach a plant efficiency well in accordance with the 
temperature level of the heat source and to maintain a percen
tage of the Carnot efficiency similar to the other power plants. 

The importance of a high power plant efficiency is 
shown in Pig. 10, which gives the variation of : 

a) The heat source thermal power, 
b) The amount of waste heat rejected to the environment, 

as a function of the net plant efficiency. By comparison 
with a plant of 45 per cent efficiency, a plant of 34 per 
cent efficiency needs 32.4 per cent more heat or fuel ther
mal power and rejects 58.8 per cent more waste heat to the 
environment. 
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High Temperature Heat or. Gas Cycle Utilization 

In the combined cycle concept presented in this paper, 
all the temperature difference from the gas turbine inlet down 
to the ambient air is utilized : 

- Directly in a gas turbine in the higher temperature range, 
- In a steam turbine in the lower temperature part , 
As shown in Fig. 11. for conventional recuperative or combined 
gas cycles, the utilization of the available temperature range 
is not so complete. 

Another important result can be seen in Table 6. In 
addition to a comparison of plant efficiencies obtained in 
previous HTGR-GT projects, a so-called effective gas cycle 
efficiency is given. It can also be taken as the utilization 
coefficient of the amount of heat transferred to the gas cycle. 
It reaches 58 per cent and 60 per cent respectively for the 
750°C and 800°C gas cycles. It expresses the objective of this 
study : to utilize a gas cycle as efficiently as possible. 

Economics 

The ultimate criteria for power plants are the capital 
cost and the cost of electricity. Within the scope of this 
first approach, it has not been possible to study the economical 
aspects of such a plant. 

It is nevertheless possible to point out the following 
remarks which are determining for costs : 

- From a technological point of view, the concept is well 
within the possibilities of the present state of the art ; 

- A combined cycle plant with at leas4: two conversion systems 
is concerned but the most part of the power is generated by a 
conventional steam cycle ; 
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Table 6 - Wet-Cooled Topping Gas Cycle Power Plant 
- Efficiency Comparison -

- Gas Cycle , High Temperature Heat Utilization -

Reference 
Case 

Heat Source/Gas Cycle, Top Temperature, °C 770/750 820/800 

Efficiency, per cent 
- Steam Cycle HTGR 39 
- Simple Intercooled Direct 
Cycle " 40 41.5 

- Simple Non-Intercooled Direct 
Cycle " 38.5 40 

- Simple Non-Intercooled Indirect 
Cycle " 37 38.5 

- Proposed Combined Cycle Concept " 4j> 46.5 
Heat transferred to Gas Cycle [ A], MWt 664 740 
Electric Power Attributed to Gas 
Cycle I B] , MWe 385 444 
Effective Gas Cycle Efficiency [C] f per 58 60 
High Temperature Heat Utilization j cent 

. B = Gas Turbine Electric Power + Additional Steam Cycle 
Electric Power attributed to the Gas Cycle. 

. C = ? 



- 3 4 -

- The gas cycle part, including the intermediate gas-gas heat 
exchanger, which could be an expensive component, is drasti
cally reduced in size ; 

- The gas cycle has no particular equipment for heat rejection 
to the environment ; 

- The high efficiency of the plant is an important factor of 
cost reduction. 
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CQNCLUSION 

A net plant efficiency of 45 per cent can be considered 
as very promising for a 770°C heat source and for a conversion 
system mainly consisting of a conventional steam cycle. 

The ability of the concept to utilize an ammonia 
bottoming cycle under development for dry cooling of large steam 
cycles is also a very interesting consideration. 

Given this study is only a first approach, the concept 
and results are certainly open to improvement. 

An additional reason for investigating more in detail 
this concept lies in actual advantages it can offer for cogene-
ration applications. 
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