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Abstract Thermal analysis of a heat and power plant with a high tem-
perature gas cooled nuclear reactor is presented. The main aim of the con-
sidered system is to supply a technological process with the heat at suitably
high temperature level. The considered unit is also used to produce electric-
ity. The high temperature helium cooled nuclear reactor is the primary heat
source in the system, which consists of: the reactor cooling cycle, the steam
cycle and the gas heat pump cycle. Helium used as a carrier in the first cycle
(classic Brayton cycle), which includes the reactor, delivers heat in a steam
generator to produce superheated steam with required parameters of the
intermediate cycle. The intermediate cycle is provided to transport energy
from the reactor installation to the process installation requiring a high tem-
perature heat. The distance between reactor and the process installation is
assumed short and negligable, or alternatively equal to 1 km in the analysis.
The system is also equipped with a high temperature argon heat pump to
obtain the temperature level of a heat carrier required by a high temper-
ature process. Thus, the steam of the intermediate cycle supplies a lower
heat exchanger of the heat pump, a process heat exchanger at the medium
temperature level and a classical steam turbine system (Rankine cycle). The
main purpose of the research was to evaluate the effectiveness of the system
considered and to assess whether such a three cycle cogeneration system is
reasonable. Multivariant calculations have been carried out employing the
developed mathematical model. The results have been presented in a form
of the energy efficiency and exergy efficiency of the system as a function of
the temperature drop in the high temperature process heat exchanger and
the reactor pressure.
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1 Introduction

Nuclear reactors operating in the energy sector are presently used mainly
for electricity production. However, nuclear reactors are also an attrac-
tive alternative for the use in cogeneration systems both for electricity and
heat production. Cogeneration systems with nuclear reactors are effective
not only from energy saving and economical point of view, but they are
also environmentally friendly, as they do not emit carbon dioxide. Other
possible solutions of systems used to decrease this emission are presented,
e.g., in [1,2]. The high temperature reactor (HTR) [3| seems to be one
of the most promising technologies in this context. Firstly, these types of
reactors are regarded as one of the safest nuclear technologies due to very
strong negative temperature reactivity effects, which self-stabilize the reac-
tor operation. Moreover, the reactor fuel is covered by cladding, which is
resistant to very high temperatures, even those appearing in accidental con-
ditions. On the other hand, helium used in HTRs as a reactor coolant can
achieve temperatures at the level of 1000-1250 K. This means that the heat
from these reactors can be also used to supply industrial processes requiring
heat from sources of such high temperature levels. Hydrogen or ammonia
production and coal gasification are the examples of such processes. The
temperature levels of order 1250 K can be achieved in foreseeable genera-
tion IV very high temperature reactors (VHTRs) rather in the far future.
According to current opinion, in the first installed HTRs, the outlet tem-
perature will rather not be higher than about 1020 K. Such temperature
is too low for some high temperature processes. Additionally, there are no
regulations stating the required distance between the reactor and industrial
installations. A necessary distance of the order of 1-2 km is very probable.
A possible solution considered recently to satisfy the above requirements is
to use steam with parameters commonly used in coal power plants (about
16 MPa, 810 K) as a heat carrier employed to transport energy from the
reactor to the industrial system. As a result, the energy carrier delivering
the heat to a high temperature process has to be heated up in this system
to the desired temperature. This can be accomplished electrically or by
using a heat pump in an additional cycle of the system. This kind of the
three cycle cogeneration system with a HTR and a gaseous heat pump is
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analysed in the paper.

Helium used as the reactor coolant is also employed to produce super-
heated steam of the intermediate cycle in a steam generator and to ac-
complish the Brayton cycle. As mentioned before, this steam, as the heat
carrier of the intermediate cycle, transports energy from the reactor installa-
tion to the process installation. The third gaseous (argon) heat pump cycle
is provided in the system to obtain the highest temperature level of a heat
carrier required by the process. Steam from the intermediate cycle in the
system delivers heat to the evaporator of the heat pump, and next is used
as a working carrier in the classical steam turbine system. Topics of the co-
generation systems considered depend strongly on the desired temperatures
in the process heat exchangers. The temperature levels for technological
heat may be different and they are in the range from below 370 K up to
1270 K [3]. In Poland, the processes of hydrogen production and hard coal
gasification are especially interesting and the demand for temperature level
is in the range 390-1170 K [4]. The other possibilities of heat utilization
from the reactors are presented in [4-6|. The application of nuclear reactor
installation supplying technological heat and working with gas compressor
heat pump is considered in [4,7] together with some variants of such sys-
tems. In the system considered in this paper, two temperature levels of
technological heat have been assumed, i.e., about 1070 K and 670 K, as in
the process of a sulphur-iodine cycle of hydrogen production [8].

The main purpose of the paper is to evaluate the effectiveness of the
considered three cycle cogeneration system consisting of a HTR reactor and
a high temperature heat pump (HP). An assessment of whether this system
is reasonable if the distance between the reactor and the process installa-
tions is of the order of 1-2 km, is also an important aim of the work. For this
purpose, multivariant calculations of the system have been carried out em-
ploying worked out mathematical model. The model has been implemented
at the platform of the commercial code EBSILON [9]. The main results
presented in the paper have a form of the energy efficiency and exergy ef-
ficiency of the system as a function of the temperature drop in the high
temperature process heat exchanger and the reactor pressure for various
temperature differences between carriers in the regenerative heat exchanger
of the heat pump, for the different helium temperature at the reactor outlet,
assuming that the reactor is located very close or 1 km from the process
installation. Actually, to the best knowledge of the authors, there are no
published results of such kind of investigations.
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2 Cogeneration system with high temperature
nuclear reactor

The considered basic system is presented in Fig. la. As mentioned previ-
ously, it consists of three loops: the reactor helium coolant loop, the steam
intermediate loop and the argon HP loop. Reactor 1 in the considered
system heats up helium, which is next expanding in helium turbine 2. In
steam generator 3, the heat is transferred to water of the intermediate cycle.
Next, helium is cooled down in the exchanger 4 and compressed in compres-
sor 5. Turbine 2 has a common shaft with compressor 5 and the first electric
generator. Feed water of pressure equal to 15 MPa flowing to the steam gen-
erator 3 is heated up, evaporated and the obtained steam is superheated
up to 813 K in the considered analysis. This steam is used to transport
energy to heat exchanger 6 and next to heat exchanger 7. Heat exchanger 6
is the lower heat source for the gas compression HP, and heat exchanger 7
is a source of the technological heat at the medium temperature level. The
main stream of the steam from exchanger 7 flows to steam turbine system,
which has three parts: high- 8, medium- 10, and low-pressure 11. All tur-
bines have a common shaft with the second electric generator. A small
amount of steam from exchanger 7 is used in superheater 9 to overheat the
steam between turbine 8 and turbine 10. Outlet steam from turbine 11 con-
denses in condenser 12, which is cooled by water supplied from pump 13.
The condensate from separators, superheater 9, and regenerative preheater
16, as well as small amount of steam taken before superheater 9 are directed
to the degasifier 17. Feed water from degasifier 17, after compressing in feed
water pump 18, is heated in regenerative preheater 15 by steam taken be-
fore the superheater. Next, the feed water flows to steam generator 3. Gas
compressor heat pump cycle consists of heat exchanger 6 being a lower heat
source for the heat pump system, regenerative exchanger 20, compressor 21,
high temperature heat exchanger 22 being an upper heat source of the HP,
and turbine 19. Moreover, a system with three stage compression in the
HP cycle has been considered in the analysis. The system with multistage
compression in the HP cycle can produce higher heat flux transferred to the
high temperature process than in the case of one stage compression with the
same flux of a heat carrier. The scheme of the system with three stage com-
pression in the HP is presented in Fig. 1b. It is worth mentioning that in the
case of three stage compression in the argon HP cycle, the ratio of pressure
in the first compressor 21 is greater than in the next ones. These pressure
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Figure 1: Schemes of the considered three loop cogeneration systems with HTR contain-

ing helium cooling loop, steam intermediate loop and argon HP loop; la —
basic system with one stage compression in HP, 1b — system with three stage
compression; 1 — HTR reactor, 2 — helium turbine, 3 — steam generator, 4 —
cooler, 5 — helium compressor, 6 — steam-argon exchanger, 7 — medium process
heat exchanger, 8 — high pressure turbine, 9 — superheater, 10 — medium pres-
sure turbine, 11 — low pressure turbine, 12 — condenser, 13 — water pump, 14 —
condenser pump, 15 — high pressure regenerative preheater, 16 — low pressure
regenerative preheater, 17 — degasifier, 18 — feed pump, 19 — argon turbine, 20
— regenerative heat exchanger, 21, 23,25 — compressors, 22, 24, 26 — sections of
high temperature process heat exchanger.

ratios are determined by the assumed maximal and minimal temperatures
in the upper HP exchanger (or exchangers in the cases of multistage com-



www.czasopisma.pan.pl P N www.journals.pan.pl

N

8 A. Fic, J. Sktadziern and M. Gabriel

pression). Generally, cogeneration systems with HTRs may also be used
for supplying heat for heating systems using additional streams of steam
for such purposes from, e.g., bleedings between neighbouring parts of the
steam turbine. Such possibility was however not included in the analysis.

3 Results of numerical calculations and conclusions

The numerical calculations have been performed using the EBSILON code [9].
Steam in the simulations was treated as a real gas, while helium and argon
were assumed to be ideal gases. The mathematical model of the consid-
ered system consists of mass and energy balance equations, working fluid
state equations and equations of characteristic processes. The processes in
compressors, turbines and pumps were assumed to be adiabatic and non-
reversible ones.

As it was mentioned before, steam of the prescribed pressure equal to
15 MPa and temperature 813 K is produced in the steam generator 3. Min-
imal temperature difference between heat carriers in the exchangers 3 and
6 was assumed equal to 25 K. Isentropic efficiency of the gas turbines was
equal to 0.9, steam turbines 0.88, compressors 0.86, mechanical efficien-
cies of turbines, 7y, and compressors, 7y, were 0.99, pumps 7, — 0.95,
and generators 7, — 0.99. A series of simulations have been carried out for
the presented systems for various temperature drop, d7},, in the high tem-
perature process heat exchanger (or exchangers in the case of multistage
compression), various minimal temperature in this exchanger, Tpy pin, var-
ious pressure, p,, at the reactor inlet assuming that the reactor is located
close to technological installation (i.e., neglecting the drop of the temper-
ature and pressure in the pipes of the intermediate circuit) and situated
1 km from this installation.

The drop of the heat and pressure in the pipe with the steam and feed
water of the intermediate circuit was estimated numerically using com-
mercial Engineering Equation Solver (EES) software package [13], which
employs REFPROP library [14] for the steam parameters. Colebrooke’s
formula [10] was applied to determine the flow resistance coefficient. Calcu-
lations have been worked out by dividing pipes into many short segments.
The mentioned drops occurred negligible in the feed water pipe. The esti-
mated pressure drop in the 1 km steam pipe was equal to 2.3 MPa, and the
temperature drop 10 K, when the assumed steam velocity was 50 m/s.
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For instance, in the case of the reactor pressure p, = 7 MPa, reac-
tor outlet temperature T+ = 1023 K, minimal temperature in the high
temperature process heat exchanger T}, i, = 1073 K, temperature drop in
the high temperature process heat exchanger d7,, = 100 K, the following
results have been obtained:

— reactor thermal power: @ = 299.0 MW,
— rate of heat in the steam generator: Q3 = 268.4 MW,
— rate of heat in the process heat exchanger 6: Qg = 37.0 MW,

— rate of heat in the high temperature process heat exchanger 22: Qg =
62.6 MW,

— internal power of the helium turbine: Npo = 168.2 MW,

— internal power of the helium compressor: N.o = 144.6 MW,

— internal power of the high pressure steam turbine: Npg = 10.9 MW,

— internal power of the medium pressure steam turbine: Np1g = 19.0 MW,
— internal power of the low pressure steam turbine: Np1; = 47.5 MW,

— internal power of the argon turbine: Npig = 43.0 MW,

— internal power of the argon compressor: Nqo1 = 78.0 MW.

Calculated pressure and temperature at selected nodes of the system (Fig. 1)
were:

pr1 = 6.9 MPa, Ty = 1023 K, ppa = 3.8 MPa, Ty = 833 K, Ty = 528 K,
Phs = 7.0 MP&, Th5 = 683 K,

pp1 = 15.0 MPa, T)y = 813 K, T},p = 720 K, pp3 = 14.9 MPa, T},3 = 633 K,
ppa = 6.9 MPa, Tp,4 = 558 K, p,7 = 0.0056 MPa, T,7 = 308 K, T},9 = 446 K,
Pa0 = 0.100 MPa, TaO = 754 K, Tal = 798 K, Ta2 = 1048 K, Pa3 =
0.128 MPa, T,3 = 1173 K, T,4 = 1073 K, T,9 = 823 K, where the indices
denote points of the system shown in Fig. 1.

For the considered cases, the overall thermal efficiency and exergy efficiency
were analysed. The overall thermal efficiency ngwas defined for the system
as

Q7+Q22+ng |:77st Z Nrs+nmrar NTAr— 1 Z NCAT']
ng = ) mcAr
Q1

(1)

Ng (anHeNTHe_ nmiHe NcHe) _% Z Np

Q1
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and the exergy efficiency, np, as

Q?(l—%)-ﬁ-sz (1_%)"'7]9 |:an3 ZNTSJ’_anAT NTAT_m Z NcAr]

" & (1-%)

Mg (anHeNTHe_ "miHe NcHe>_% ZNP
s 293
Qi (1-%)

(2)
where sums are extended over all turbines (index T'), compressors (c) and
pumps (p), and indexes He, s, and Ar relate respectively to helium, steam
and argon. The temperatures 77 and 722 denote temperatures of the
isothermal processes, which are supplied by the heat delivered from the
process heat exchangers 7 and 22 and assumed 15 K lower than the minimal
temperature of the energy carrier in the proper exchanger. In the case of
the reactor, the temperature T'; was assumed as the mean thermodynamic
temperature of helium in the reactor, i.e.,

Ahy
T ==
1™ Asy (3)

where Ah; and As; denote the increase of specific enthalpy and entropy,
respectively, of helium in the reactor.

Selected graphs of exergy and overall thermal efficiency of the considered
systems are presented in Figs. 2-6. In the considered base case, the minimal
temperature in the high temperature process heat exchanger, T min, was
1073 K, and the pressure, p,, at the reactor inlet 6.9 MPa, the reactor was
located close to technological installation and one stage compression was
assumed in the HP. The results for this case are presented in Fig. 2.

The obtained exergy efficiency is higher than energy efficiency by about
ten percent. The level of exergy efficiency results from its definition [11].
Another approach is presented in [12]. It is based on the assumed exergy
of a nuclear fuel, which is very controvertible, and leads to small values of
exergy efficiency for nuclear power plants.
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Figure 2: Overall thermal energy and exergy efficiency of the system with one stage of
the argon compressor versus argon temperature drop in the high temperature
exchanger 22 for various temperature differences in the argon regenerative heat
exchanger 20, for reactor outlet helium parameters 1023 K, 6.9 MPa, and for
minimum temperature in high temperature process heat exchanger 3 equal to
1073 K; reactor is located close to technological process and steam turbine
system.
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Figure 3: Overall thermal energy and exergy efficiency of the system with one stage
of the argon compressor versus argon temperature drop in high temperature
exchanger 22 for various temperature differences in the argon regenerative heat
exchanger 20, for reactor outlet helium parameters 1023 K, 6.9 MPa.
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Figure 4: Overall thermal energy and exergy efficiency of the system with one stage of the
argon compressor versus argon temperature drop in the high temperature heat
exchanger 22 for various temperature difference in the argon regenerative heat
exchanger 20, for reactor outlet helium parameters 1123 K, 6.9 MPa, when the
reactor is located 1 km from technological process and steam turbine system.
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Figure 5: Overall thermal energy and exergy efficiency of the system with three stage of
the argon compression versus argon temperature drop in the high temperature
exchanger 22 for various temperature differences in the argon regenerative heat
exchanger 20, for reactor outlet helium parameters 1123 K, 6.9 MPa.



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMLA NAUK

Thermal analysis of heat and power plant. .. 15
0.306
0.305 A
>
E 0.304 / —a—dT_reg=15K
£ ~@—dT_reg=20K
o
E e dT_reg=25K
5 020 ——dT_reg=50K
—=—dT_reg=150K
0.302
=
0.301 T T T T T !
60 65 70 75 80 85 90
Reactor pressure, bar
0.462 = =
* 4 -
0.46 ;;—l—— .. —a
y k—""—_’—‘,
0.458
g —
0.456
> e
5 —4—dT_reg=15K
G 0.454
k":‘ —@=dT_reg=20K
&0.452 —#—dT_reg=25K
v
&5 = dT_reg=50K
0.45
——dT_reg=150K
0.448
0.446 = S 3t
0.444 : : : ; ‘ :
60 65 70 75 80 85 90
Reactor pressure, bar

Figure 6: Overall thermal energy and exergy efficiency of the system with one stage
of the argon compression versus the reactor pressure for various temperature
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Figures 2 and 3 show the exergy efficiency and the overall thermal efficiency
of the system with one stage compression in the HP versus temperature
decrease dT},, in the high temperature process heat exchanger for various
temperature differences dT reg in the regenerator of the HP unit, the re-
actor outlet pressure p, = 6.9 MPa, minimum temperature in the high
temperature process heat exchanger T}, i, = 1073 K and for the situation
when the HTR reactor is located close to the technological process, for the
reactor outlet temperature equal to 1023 K and 1123 K. The comparative
calculations (Fig. 4) indicate that the pressure and temperature drops in
1 km long pipes does not lead to significant decrease in both efficiencies.
Calculations carried out for three stage of the argon compressions (Fig. 5)
and similar parameters as in the case presented in Fig. 3 show that three
stage compression leads to decreasing of efficiencies on about one percent.
Moreover, a reasonable increase of the reactor coolant pressure involves only
a slight increase of both efficiencies (see Fig. 6). However, an increase of the
outlet reactor temperature results in significant decrease of the efficiencies
(see Fig. 3 vs. Fig. 2).

The results also reveal the importance of heat regeneration in the HP
cycle. Diminishing temperature difference in the regenerative exchanger
causes rapid increase in both efficiencies but also results in increasing heat
transfer area. This temperature difference is constant in the whole ex-
changer, because argon is an ideal gas. Additionally, it can be noticed from
the presented graphs for one compressing stage of the argon that increasing
the temperature drop of the ‘hot’ argon in ‘higher’ heat exchanger causes
rapid diminishing of both exergy and energy efficiencies. On the other
hand, diminishing this temperature drop causes decrease of the heat flux
delivered for higher temperature level technological process for assumed ar-
gon stream. This is one of the reasons for applying two or three stages of
argon compression.

4 Final remarks

The results of the carried out analyses of the considered three cycle co-
generation systems with HTR reactor and intermediate HoO cycle used to
transport energy from the reactor to technological system located, e.g., at
a distance of 1 km from each other show that pressure and temperature
drops of the energy carrier in pipes of the intermediate cycle does not elim-
inate these systems. The problem requires further investigations based on



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Thermal analysis of heat and power plant. .. 17

economical criteria and safety analyses.
The following other conclusions can be reported basing on the results of
calculations:

e The energy and exergy efficiencies have small values despite applied
cogeneration. It results mainly from low efficiency of the Clausius-
Rankine cycle.

e Temperature difference in the regenerative Ar-Ar heat exchanger and
the argon temperature drop in the high temperature technological
heat exchanger influence significantly the considered efficiencies. The
decrease of these parameters involves significant increase of both effi-
ciencies.

e Differences between efficiencies for the systems with one and three
stages compression in the HP cycle are insignificant.
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