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= Due to intermittency of renewable energy sources, flexible operation of nuclear power plants is | = For calculating off-design performance, on-design cycle results are used from the previous work.
Inevitable for grid stabilization.
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= One of the spotlighted technologies is the integration of energy storage system to nuclear power Table 1. On-design cycle parameters
plant. By coupling energy storage system to nuclear power plant, the operational flexibility of the Charging power 260MW
nuclear power plant can be greatly enhanced. L_D'S‘?harg'”gffo""ert 26?2&"‘/"’
= Among the grid-scale energy storage systems, Liquid Air Energy Storage System (LAES) is Igimgggﬁo\,\?\;\;{:e 593'1kg/22g
Increasingly pgplular Ipfcguse of Its genuine advantages: high energy density, less geographical Propane mass flow rate 314.7kg/sec
constraints, and long litetime. Methanol mass flow rate 135.0kg/sec
= Part et al. first suggested the mechanical integration of LAES with nuclear power plant by Turbine efficiency 90%
coupling steam turbine to air compressor of LAES. Pump efficiency 85%
» During off-peak hour, steam is bypassed from nuclear steam cycle and operates steam turbine L_ROXf‘d_'trl'Fi teﬁ'c'e”?’ 1591488{?(3
which is mechanically connected to air compressor. Air is compressed and liquefied by %” ilrrlllent teemeprgfaet:jar:re a1 6 o
exchanging heat with cold energy storage system. During peak hour, air Is evaporated and Propane inlet temperature -50.1°C
expanded through an air turbine to generate electricity. Methanol inlet temperature 14.8°C
= Since energy storage systems are mainly operated at part-load condition, it IS important to | | - | | | . | |
evaluate the off-design performance of LAES O_gOff—deS|gn turbine efﬂmency w/o tlhrottllnlg valve 0_9501‘f-de|3|gn Iturblr?e eff|IC|en(?y W|th thrc?ttllngl valve
= |n this study, the off-design performance of LAES is evaluated during discharge cycle with off- 08 . 0.94 — Turbine 1}
design modelling of each components: liquid air pump, evaporators, heat exchanger, and air 093 — Turbine 2|
furbines X 07 2 Turbine 3
. . . . . . > 0. > 0921 ——Turbine 4 |
= The Iimportance of this study Is to provide an operational strategy to meet a given demand by %06 §o.91- _
- - - - - " — 05 —
calculating generated work according to liquid air mass flow rate. From nuclear power plant % - % 0
Steam in ()] . O 0.89 .
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Fig. 1. Influence of throttling valve on the turbine efficiency
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Cryopump  Evaporator Evaporator ® = Fig. 1. illustrates the influence of throttling valve on air turbines. In the absence of throttling valve,
_ _ ot _ | Generato the efficiency of turbines are dramatically decreased. On the other hand, when throttling valve Is
Fig. 1. Diagram of mechanically integrated LAES system with NPP applied, it can be seen that the efficiency of turbine remains constant at the rated value.
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= Cryogenic pump is designed according to affinity law, which relates pressure ratio and mass flow > _
rate. S 80 28 = = 2.5
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Whe:re PR IS pressure ratio, p _is polynomial coeffi_c!ent, m Is mass flow rate, n is pump efficiency, off is off- T e e e e o m w il 08 e 18 17 16 15 14 13 19 11 10
design condition, and on Is on-design condition : p; = —0.3,p, = 0.3,p3 = —0.4,p, = 0.06,ps = Liquid air mass flow rate, % Liquid air mass flow rate, %

1.3,a; = —1,a, = 2,and a3z = 0. _ _ _ _ _
. Fig. 2. Influence of air mass flow rate on work of air turbine and cryogenic pump (left) and brea

¢ Evaporator and air-oil heat exchanger keven point of LAES (right)
= The evaporator and air-oil heat exchanger are modelled by e — NTU method. A performance of
heat exchangers is evaluated by calculating NTU and effectiveness. A general counterflow model

IS used and effectiveness iIs calculated as follows.

= Mechanical works of air turbine and cryogenic pump are illustrated in Fig. 2. In the case of air
turbines, work i1s smoothly decreased due to volumetric flow rate control. In the case of cryogenic
pump, the effects of efficiency drop and pressure ratio increase are simultaneous and competing,

—exp(—NTUx(1— resulting in linear work reduction.
.= 1—exp(—NTUx(1-Cy)) P
~ 1-Cr exp(~NTU*(1-C;)) (eq-3) * The breakeven point of LAES can also be checked from off-design analysis. As shown in Fig. 2,
. Crnasx the cryogenic pump can be operated through the motor until 16.2% and cryogenic pump can be
" Coin (eq.4) operated from the work of air turbine after 16.2%
eq.
Crnax = max(cp.hot *Mpot) Cp,cold * mcold) 9 240 | | | 1100 | |
Cinin = min(cp.hot * m(f}oj» Cp,cold * Meold) — Thermal oll 000 ® —_—HX1|
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where C;. Is specific heat ratio, NTU is number of heat transfer unit, m is mass flow rate, c, is heat capacity, 0 - 0ol
hot is hot side, and cold is cold side. = 80 =
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= To calculate off-design performance of air turbines, Flugel formula is used to approximately T
describe the mass flow dependency of the turbine performance. Efficiency and expansion ratio of 140 007
alr turbines are calculated as function of mass flow rate. RPM Is assumed as a constant at part- 200
load condition. "o o s 70 60 50 40 30 20 o 100 0 w0 80 70 60 s 40 30 20 10
Toss _ 4 ey (] Liquid air mass flow rate, % Liquid air mass flow rate, %
Non (1=t =n) )W( B W) (eq- ) Fig. 3. Influence of air mass flow rate on temperature of thermal oil (left) and overall heat transf
! = ML = Moss (eq. 7) er coefficient of air-oil HX (right)
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= Fig. 3 shows the temperature of thermal oil storage tank with air mass flow rate. The temperature

PR,ss = \/1 + (PRZ, — 1) * (%*M)z « (2L (eq. 8) of thermal oil Increases after air-oil heat exchanging. This Is because the overall heat transfer
coefficient iIs decreased leading to less heat transfer to air. Therefore, the mass flow rate of thermal
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Nofr oil should be controlled for enhancing part-load performance of discharging cycle.
a= |14—-04 ~ (eq. 9) _
\ " Conclusion
where PR iIs expansion ratio of turbine, n iIs RPM, m is inlet mass flow rate, t Is set as 0.3 adopted from _ _ o _ o _
orevious research and o is RPM correction coefficient. = In this study, off-design performance of LAES in discharging cycle is investigated.
2 Throttling valve " Off-c_le3|gn modelling of cryogenic pump, heat e>_<chang_er and air turbln_e are presented.
= As air mass flow rate decreases, the work of air turbine and cryogenic pump are decreased
= Throttling valve Is used to regulate inlet pressure of turbine. At part-load condition, throttling smoothly.
valve prevents the reduction of turbine efficiency through volumetric flow rate control. Throttling =  From the analysis, the breakeven point appears as 16.2% of rated air mass flow rate.
valve is modelled by isenthalpic process. = And the drop of overall heat transfer coefficient makes less heat transfer to air, therefore, the
hon = hosy (eq. 10) control strategy should be investigated to achieve optimum heat transfer.
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