ABSTRACT

FRICK, KONOR L. Coupling and Design of a Thermal Energy Storage System for Small
Modular Reactors. (Under the direction of Dr. J. Michael Doster).

The contribution of intermittent (renewable) energy sources such as wind and solar continues to
increase as renewables improve in both efficiency and price-point. However, the variability of
renewables generates additional challenges for the electric grid in the form of rapidly varying electric

loads.

Proposed options for accommodating this load have included operating nuclear reactors in a load
follow mode, or operating the reactor at or near steady state and bypassing steam directly to the
condenser. Both of these strategies result in lost energy potential. In addition to lost energy potential,
load follow operation can result in increased stress on the fuel and other mechanical components. A
more attractive approach is to operate the reactor at or near steady state and bypass excess steam to a
thermal energy storage system. The thermal energy can then be recovered, either for electric
generation during periods of peak electric demand, or for use in ancillary applications such as

desalination and hydrogen production.

Sensible Heat Thermal Energy Storage is a mature technology currently used in solar energy systems.
This research focuses on the design and coupling of such a system to Small Modular Reactors
(SMRs), typical of Integral Pressurized Water Reactor (IPWR) designs currently under development.
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Chapter 1 Introduction

1.1 Current State of Grid/Hybrid Energy Field

Renewable energy technologies continue to become more attractive with improvements in efficiency
and price-point. However, the variability and increased penetration of renewables creates additional
challenges for the electric grid. The most common forms of installed renewable energy are wind and
solar. Wind and solar energy, while zero carbon footprint energy sources, have energy outputs which
cannot be directly controlled and instead are subject to the variability found in nature. This implies
the energy production side of the equation is no longer 100% controllable, and depending on the
amount of solar and wind installed on the grid could mean large, uncontrolled variations in energy
production. This can lead to mismatches between energy demand and energy production and

ultimately system instabilities and blackouts.

Society has benefited from the reliability afforded by base load operation of the current production
fleet. To maintain our current lifestyle, base load plants will likely still be required. However, as the
penetration of renewables increases, base load plants may need to be more flexible in their operation
as illustrated in Figure 1.1 and Figure 1.2. Figure 1.1 gives a representative load profile for a hot
summer day in in an area with mixed commercial and residential characteristics [1]. Figure 1.2 shows
representative energy profiles for wind and solar [2] and the energy output required of a plant
operating in load follow mode if 65% of the peak energy demand can be provided by standard base
load units. Without a plant designed to mitigate the load variability, the base load plants would need
the ability to quickly increase and decrease power. An example of the relative load profile that might
be experienced by the base load plants with upwards of 35% renewable penetration is illustrated in

Figure 1.3.
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Figure 1.3: Peak summer day including intermittents of up to 35% penetration.

As the penetration of renewable technologies increases, scenarios will arise where base load units
could be called upon to operate in a reduced or load follow mode. During these times it would be
beneficial from both an economic and mechanical standpoint to keep the plants at 100% power and
store/use the excess energy in either a thermal energy storage unit (TES) or alternative applications.
Economically, it is generally beneficial to run nuclear plants at full power at all times. Further,
operating nuclear plants in load follow mode increases the mechanical and thermal stresses on the
fuel and other system components. A way to accommodate both the economic advantages of
operating the plant at 100% power at all times and addressing the intermittency seen with renewables

is to employ alternative applications of the energy provided by the nuclear plant.

1.2 Candidate Alternative Energy Applications

1.2.1 Desalination of brackish/Sea Water

A promising alternative energy application is the desalination of sea water. This would be a
particularly useful application in areas such as Southern California or the Southwest United States

where availability of potable drinking water is an increasing concern. To insure adequate water



supplies, desalination plants are being brought online yearly in Southern California, with the most

recent in Carlsbad near San Diego in December 2015 [3], [4].

For desalination plants with a capacity of 4000 m%d and above the two main desalination
technologies are multistage flash desalination (MSF) (69%) and reverse osmosis (RO) (23%) [5]. The
process mechanics and energy requirements of the two are vastly different. Multistage flash
desalination is based on heating seawater in a brine heater to around 90-110 degrees Celsius. The hot
brine then enters a flash chamber which is held at vacuum. Since the water entering the chamber is
above the boiling temperature at vacuum, part of the water flashes to steam. This steam rises to
condensing coils where it condenses into fresh water. A diagram of this process is shown in

Figure 1.4.

MULTI STAGE FLASH DISTILLATION
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Figure 1.4: Example of a multistage flash desalination plant [6]

Reverse Osmosis is the main competitor to multistage flash desalination. The RO process works by
passing water at high pressures through fine membranes that only allow water molecules to pass. A
typical reverse osmosis plant works in two stages, the first being a pretreatment stage where chlorine
and other chemical additives are used to remove biological organisms and control both the pH and

hardness of the water. The water is then sent to the membrane filtration system where high pressure



forces the water molecules through the membranes into an inner collection tube [7]. A representative

diagram of an RO system is shown in Figure 1.5.
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Figure 1.5: Example of a Reverse Osmosis (RO) plant. [7]

MSF is a proven technology for water desalination. It is a simple and extremely reliable process that
requires no moving parts other than pumps. Unfortunately, MSF is more energy intensive than
current RO plants, requires a direct steam connection to the power plant, and typically runs at full
capacity to limit potential system instabilities [8]. These challenges limit MSF applications when

steam shedding is being used as a load leveling strategy.

Reverse Osmosis has the benefit of consuming less energy than MSF. RO also does not need a direct
steam connection to the power plant as it only requires electric energy to run pumps and has simple
start/stop operating capability [8]. Since RO is operated in modules, operation can be staged to take
advantage of available excess energy instead of the all or nothing operation of MSF. These properties

make RO a highly attractive secondary energy application for hybrid energy technologies.



1.2.2 Hydrogen Production

Excess thermal and electrical energy can be used for a wide range of alternative applications. One of
the most intriguing currently is hydrogen production. The anticipated development and deployment of
fuel cell technology and infrastructure into the transportation sector will create substantial additional
demand for hydrogen. One of the motivations to switch to a Hydrogen based infrastructure is to
reduce greenhouse gas (GHG) emissions. However, significant GHG reduction will only occur if the

hydrogen is produced from carbon-free sources.

Current large scale hydrogen production is produced by stripping hydrocarbon fuel via steam-
methane reforming [9]. In steam-methane reforming, methane reacts with steam in the presence of a
catalyst to produce hydrogen and carbon monoxide. In a subsequent “water-gas shift reaction” the

carbon monoxide and steam are reacted using a catalyst to produce carbon dioxide and hydrogen.

Steam methane reforming reaction:

CH, + H,0 + (heat) > CO + 3H,

Water-gas shift reaction:

CO+H,0 — CO, +H, (+small amount of heat)

A byproduct of this reaction is CO, which does not meet the current GHG reduction standards.
Fortunately, an alternative clean source of hydrogen, meaning no CO, emission, comes from the
disassociation of water into hydrogen and oxygen via electrolysis. Currently, there are two ways of
disassociating water via electrolysis, conventional electrolysis and High Temperature Steam

Electrolysis [10]. HTSE is ~40% more efficient than conventional electrolysis but requires

temperatures of ~ 800°C [11], [10].

A case study recently completed by NuScale [10] to establish a baseline cost for producing hydrogen
through the HTSE process [10] showed that one 160MWth NuScale module could optimally produce
1,310 Ib/hr of hydrogen using one matched HTSE module. The hydrogen would be 99% pure with no
greenhouse gas emissions. The results of their economic analysis showed natural gas reforming to be
more economical due to natural gas costs and the overall maturity of reforming technology. However,

it also stated a coupled hybrid technology plant for hydrogen production could become competitive



depending on different economic factors including increased natural gas prices, carbon emission

penalties, and optimization of the HTSE process.
1.3 Region Selection

Since renewable energy tends to be highly region specific, it is important to determine the most
economically feasible region in which to build a hybrid energy system. Three of the most promising

regions for deploying a hybrid energy system are presented below.
1.3.1 Southern California

The implementation of a nuclear hybrid energy system relies on three things: 1) sufficient renewable
resources (wind, solar, etc.), 2) a use for the excess energy, and 3) availability of energy transmission
lines to supply customers. The California Renewable Portfolio Standard set a goal of 33% of
electricity generation to come from eligible renewable resources by 2020 [12]. Currently California
leads the nation in energy production from solar and biomass. As further evidence of their
commitment to renewables, California recently completed the world’s largest solar thermal plant. The
Ivanpah Solar Power Facility, located in San Bernardino County became operational on February 13,
2014 and is capable of producing upwards of 392MWe [13]. Excess energy created during times of
non-peak demand or times of high renewable output could be put to use by desalination plants or for

hydrogen production.

As of February 2014 there were 17 proposed desalination plants in Southern California alone [14].
With the population density and recent extreme drought experienced in this area, the need for potable
water is undeniable. Unfortunately, desalination of ocean water is an extremely energy intensive
process that uses on average 15,000 KW-hr of power per million gallons of fresh water produced.
This is compared to an estimated 3,300-8,300 KW-hr for potable water production by wastewater
treatment [15]. The energy intensiveness of desalination creates opportunities for hybrid energy plants
not only from an efficiency standpoint, but also from the environmental standpoint of little to no

added carbon emissions.

By 2020 automakers expect to have thousands of hydrogen fuel cell based vehicles in California [16].
This transition to a hydrogen fuel cell based infrastructure will require hydrogen production facilities.

The ability to produce hydrogen during times of low electric demand would add value to the facility.



Lastly, Southern California is upgrading their grid transmission system. The recent installation of an
extra 800 MW of transmission lines across southern California connecting renewable resources in

southeast California to San Diego is a major step [17].
1.3.2  Southwest

Renewable energy resources in the southwest include wind, geothermal and photovoltaics. . Arizona
currently has the one of the world’s largest solar photovoltaic facilities located in Yuma County, AZ
completed in 2014 [18]. With the addition of these photovoltaic facilities a stronger case could be
made for an integrated nuclear-renewable system as the demand for grid flexibility increases with

increased penetration of photovoltaics.

As in Southern California, drought conditions in the southwest illustrate the need for additional
sources of potable water. While current resources from the upper Colorado River Basin are sufficient,
recent studies have shown this water supply to be dwindling [19]. With the population density and

drought levels not seen in 1,250 years [19], the need for potable water is real.

The availability of transmission lines is another advantage the southwest has over other regions. Due
to the possible closure of existing coal plants, the availability of an existing grid would be conducive

to installing an integrated nuclear-renewable system.
1.3.3 Agricultural Midwest

The Agricultural Midwest is considered to be the best opportunity for integrated nuclear-renewable
systems [20]. The region has abundant wind energy supplies over the Great Plains. Second to Texas,
lowa is the leading producer of wind energy in the nation [21]. This combined with the recent
closures of coal fired power plants in the Midwest [22] could lead to a higher demand for renewables

making integrated nuclear-renewable systems more attractive.

Renewable energy technologies combined with industrial processes such as ammonia/fertilizer
production adds additional benefit to these systems. During times of peak wind output or low electric
demand, excess capacity could be diverted to ammonia production. An existing transmission
infrastructure left over from coal plant closures also makes the Agricultural Midwest an extremely
attractive option for these integrated nuclear-renewable systems.



1.4 TES System Configuration

Thermal Energy Storage (TES) systems have been proposed as a way to store energy during periods
of excess capacity and have already been employed in concentrated solar plants in the southwest [23].
Thermal energy storage can be classified into three main types; sensible heat storage, thermochemical
storage, and latent heat storage. Sensible heat storage (SHS) systems work by raising the temperature
of a storage medium, usually a solid or a liquid. The storage materials undergo no change in phase
over the temperature range of the storage process. A good sensible heat storage material has high heat
capacity, relative molecular stability and durability over the temperature range of interest. Latent heat
storage is an approximately isothermal process which takes advantage of the heat of fusion of the
storage material as it changes phase. Thermochemical storage is a newer technology that relies on

heat to drive reversible chemical reactions [24].

For the application proposed here, a sensible heat system was chosen. This allows for the simple
bypass of steam to an intermediate heat exchanger, which transfers thermal energy to a thermal
energy storage fluid. A two-tank direct system was chosen for this work. The two tank system can
accommodate molten salts or synthetic oils that are highly stable over the expected operating range of
the system. Currently, the two tank storage system is the most commercially mature technology [24].



Chapter 2 Thermal Energy Storage System

2.1 Design

The proposed Thermal Energy Storage System is shown in Figure 2.1. An outer loop interfaces with
the reactor’s Balance of Plant (BOP) directly through four parallel auxiliary turbine bypass valves
connected at the pressure equalization header. Bypass steam is directed through an intermediate heat
exchanger (IHX) and discharged to the main condenser. An inner loop containing a TES fluid
consists of two large storage tanks along with several pumps to transport the TES fluid between the
tanks, the IHX and a steam generator. Therminol-66 is chosen to be the TES fluid as it is readily

available, can be pumped at low temperatures, and offers thermal stability over the range
(27°F - 650°F) which covers the anticipated operating range of the TES system (350°F —500°F).
Other considered TES fluids are given in Table 2.1.

Table 2.1: Properties of Possible TES fluids at ~500 degrees Fahrenheit

Heat Transfer Fluid | Boiling Point (°F) Heat Storage (W*hr/m*F) | Operating Range (°F)
Therminol®-66 [25] | 678 576.95 27 to 650
Therminol®-68 [26] | 586 563.03 -14 to 680
Therminol®-75 [27] | 649 551.54 175t0 725

The TES system is designed to allow the reactor to run continuously at ~100% power over a wide
range of operating conditions. During periods of excess capacity, bypass steam is directed to the TES
unit through the auxiliary bypass valves where it condenses on the shell side of the IHX. TES fluid is
pumped from the Cold Tank to the Hot Tank through the tube side of the IHX at a rate sufficient to
raise the temperature of the TES fluid to some set point. Condensate is collected in a hot well below
the IHX and drains back to the main condenser. The TES fluid is then stored in the Hot Tank at
constant temperature. The system is discharged during periods of peak demand, or when process
steam is desired, by pumping the TES fluid from the Hot Tank through a boiler (steam generator) to
the Cold Tank. This process steam can then be reintroduced into the power conversion cycle for
electricity production or directed to some other application. While the boiler in Figure 2.1 implies a
Once Through Steam Generator (OTSG) design, a U-Tube design could just as easily be substituted.
Though not indicated in Figure 2.1, pressure relief lines connect the shell side of the IHX with the

condenser to prevent over pressurization of the heat exchanger during periods of low condensation
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rate. A nitrogen cover gas dictates the tank pressures during charging and discharging operation. For

the purposes of this work we will focus only on the IHX system and the associated charging mode.

Hot Tank
Aux Steam
TBV 1 e L 3
Bypas: Steam
:|/1 I
N @)
Y e
FCV 2
Intermediate HY \‘ ‘_
z \ Y Baoiler
A : OTSG
Cold Tank \
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-
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“ Valve Clozed
FBYV Condenser

Figure 2.1: Thermal Energy Storage System (charging mode).

2.2 TES System Model

The time dependent behavior of the TES system is obtained by solving mass, energy and simple

momentum balances on the Shell side of the IHX (Outer Loop), and the Tube side or Inner Loop.
System Equations for Shell Side (Outer Loop)
Energy Equation

d(pu . . . .
Vle % = Z mTan hse — My hf - Z mPRVm hn—|x - QIHX (2.1)

m

Forn=1,2,...,np and m=1,2,...,myy,
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Mass Equation

dp . . .
Vinx E = ZmTan —Myx — ZmPRVm

m

Momentum Equations

( Kravine T Kray, ) mTZBVn

PHDR = Ple +
ZAEBVHPQ
K K M2
P —_pP ( Acviine T ACV)m|Hx
IHX — ' Cond 2A2
acv P
(KPRVIine + KPRVm )méRvm
I:)IHX = PCond + 2 2
APRVmpg
State Equations
P =ap +ay,p,

,OU = alplul +agpgug

Equations for tube side (Inner Loop) charging mode

Hot Tank Mass Balance

dMm ; dH
dtHT = Mres = PresAur d:T

Cold Tank Mass Balance

dMm ) dH

TCT = —Mes = PresAer TCT
Momentum Equation

Ky + Keny )2
PCT + APpump — PHT + ( FCV2 - FCVIme) TES
Accy Pres
Hot tank energy balance
dT,

M HtCp THT N mTESCPTIHXExn —(UA) (THT _TAmb)

2.2)

(2.3)

(2.4)

(2.5)

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

(2.11)
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Hot Tank Pressure

Pir =20 RTyr (2.12)
Cold Tank Pressure

Per = pcrRTes (2.13)
The energy transfer between the tube and shell side of the intermediate heat exchanger is based on the

effectiveness technique.

The heat transfer rate from equation (2.1) can be written as
QIHX = (UA)|HX (Tsat _-rTES) (214)

where Tres is the average TES fluid temperature within the IHX. To obtain the average TES

temperature we solve a simple energy balance on the fluid.

. dT.
MresCy dTZES = (UP )le (Tsat _TTES)
dTTES (UP )IHX dTTES B
- L =21, -T
dZ mTESCp ( sat TES) = dZ L ( sat TES )
A
where, ,B:—(L.J Jua
mTESC:p
Ihes By _By

dZ L TES L sat

yiza Y;; pz pr
Tes(2)et =T +j Bt oo = Tes(@et =T, +TsateL

sat

s s
Tes(2) =T, e “+Tg {1 et } (2.15)

Now defining T 1es as
Thes = ﬁmmm

Plugging in equation (2.15)
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— T =T
Toes = T —M{l—e‘ﬂ } (2.16)
B
Further, the determination of Q,,, requires the UA value
27nL
UA = 2.17
Avix L 1 (r) 1 (2.17)
—+=In| > |+—
hiri k rl horo

where an average condensation heat transfer coefficient is assumed for the shell side of the form,

1
P (pf _pg)ghfgk? ]4 (2.18)

h, =h.(T,)=0.725
d( ) { ,ufd(Tsat_TW)

0.68c. (T.. -T
hy, =h,, {1+ o (T W)}
h,

and T, satisfies

1
1 (r 1
hcond (Tw) Il (Tsat - Tw) = {I In [Toj + W} (Tw _Tcavg )
_ T + T,
Cavg 2
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_ KeesNU, (2.19)
De|HX

h

Nu, = max [ 0.023Re Pr®*,4.66 | (2.20)

In the equations above, n=number of tubes, . = tube inner radius, r, = tube outer radius, k=thermal

i ' Yo

conductivity of tube, L=length of tubes, and d=inner diameter of tube, TCl inlet temperature from

cold tank. Equation (2.20) insures non zero heat transfer coefficients during periods of zero or very
low TES flow rates.

2.3 Solution strategy

The TES system model requires solving a system of nonlinear equations. The solution method is
outlined below.

Shell Side of IHX

A semi-implicit time discretization is chosen for the shell side equations of the form

Energy Equation

put+At_put .
Vi (P S - - S Q€22

Forn=1,2,...,np and m=1,2,...,myy,

Mass Equation
t+At t
P —p AL _ qytat t+At
Vinx { t }: Z T+BV Mpx Zm;RV (2.22)
Momentum Equations

(KTBVIine + KTBVH )(mTZan )t+At

t+At t+At
Pior = Pix + T (2.23)
BV, /Mg
t+At
K acviine + Kacy ) (M)
t+At t+At ( ACVline ACV IHX
Pix = Peona + > (2.24)
2A5cy Py
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5 t+At
(KPRVIine + KPRVm )(mPRVm )

Pl = Pl + o
2
2Aogy, Py
State Equations
pt+At _ alt+Atplt+At +at+Atp;+At (2.26)
pUHAt _ alt+Atpt+Atult+At t+AIp;+Atu;+At (2.27)

These equations are nonlinear in the new time values. Applying a Newton-Iteration yields the
following linear equations in the new iterate (k +1) values.

Energy Equation

k+1 t
pu " —pu + + + A
V'HX { At } = Z 'kFB\l/ ht TH;htf th’R]\-/ hItHX Qt|Hx (2.28)

n

Forn=1,2,...,np and m=1,2,...,mMyy,

Mass Equation

k+1 t

P —P + + +

Vinx { At } = Z %('B%/ lI(H; ZmI;Ri/ (2.29)
n

Momentum Equations

(KTBVIine + KTan )

t+At k+1 o k+1 .k .k

Paor = Piux + 5 AEanp; (zmTBVn - mTBn)mTBn (2.30)

K acviine + K
R LT L e

ey Pt

Koyt + Kpry, )
Pk+]_ Pt;nA’[ ( PRVline PRV, 2mk+lm _ mk . mk i (232)
IHX = Fcond 2A1§Rvmpgt] ( PRV PRV ) PRV
State Equations

p* = p(a Piix ) = P+ (PIkHX )+a; |:pg (PIII(-|X )_pf (PIII(-|X )J (2.33)

pu = pu(ay, Pl ) =p, (P )u, (Pa )+ e Lo, (P )y, (Pa ) =2, (P )u, (P )] 239)
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Pt = 5+ Sa Pl sp P (2.35)
oa, ) oP |,
pust = pu* + 5, opu + 6P,y opu (2.36)
oa, ) oP |,

Equations (2.28)-(2.36) can be reduced to a 4x4 matrix providing solutions for

pk”, pu"*l, &zg , P,'fj; . From these variables direct solves for the mass flows can be performed. The

equations are iterated to convergence based on the maximum relative difference for any single

variable between iterations. The converged values become the solution for the new time values.

Tube Side Equations

Tube side Energy Equation

teAt t
IHXgq —  IHX g . t+AL teAt At
Virx PresCopg {T} + Myes Cos {T|H+xexh -Te, } = Qi (2.37)
At+AL UA t T _-ITt+At 238
IHX _( )IHX ( sat TES) ( : )
_ T —T (UA),
C _
-I-TtEJrsAt = Tsat|HX _w{l_e ﬁ}, B= % (2.39)
ﬂ mTES Pres

Hot Tank Mass Balance

- H t+At _ Ht
m;Eét = PresPar = = (2.40)
At
Cold Tank Mass Balance
. H t+At _ Ht
_m;Eét = Pres Aot { = At = (2.41)

Momentum Equation
2
t o T+AL
KFCV (mTEs )

Pgm +AP. =P 4 (2.42)
pump HT 2
2Accy Pres
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Hot tank energy balance

T Tt
t HT HT _ AL t+At t+At t t+At
M HTCp = Mygs CpTES (TleExil - THT ) - (UA) HT (THT - TAmb)

At
Hot Tank Cover Gas
thAt M i ur
Pro = AHT (TankHeight'H:TAt)
Cold Tank Cover Gas
At M Eiugasm

pCT - +
ACT (TankHeight -H EZTM)

Hot Tank Pressure (State Equation)
it = Pl RTS
Cold Tank Pressure (State Equation)

AL _trAtpyTt
Per =pcr Rl

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

Note: For the charging mode cold tank temperature is assumed constant and can always be assumed

at past time.

The tube side equations also form a non-linear system that must be solved iteratively. A general

Newton-Raphson iteration for this system had poor convergence characteristics due to the stiffness of

the system. As an alternate approach, the equations were cast as a single non-linear equation in the

TES flow rate that could be solved iteratively by Brent’s algorithm [28]. This provides for a much

more robust search.

Tube side nonlinear search strategy:

o k+1

Myes and solve the tube side equations in the following order

Guess

_ (T ~To) (UA)
k+1 _ IHX G A B —
TTES _Tsatmx ﬂ {1 e }! ﬁ m#gécl::s

Energy equation inside tubes

(2.48)
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_ V. .c  peTh
k+1 K+l inner ™~ preg /7 TES 7 IHXg;
UAin (Tsatmx _TTES )"’ mTESCpTESTCT + = =

k+1 At
= (2.49)
e mk+l VinneGCTESpTES
TES™ pres At
Hot tank energy
M It-|TCp TI-t|T o k+1 k+1 t
ol A{ES + mTESCpTESTIHXExh + UAHTTAmb
T = t (2.50)
o k+1 t M HTCpTES
MrgsCp o T UA)r +— =
At
Hot tank height
o k+1
My At
Hit = —TE8— 4 H| (2.51)
Pres Pt
Cold tank height
~k+1
—m; At
Her' =—To—+Heg, (252)
Pres et
Hot tank density
(o]
k+1 Fillgas iy
Pur = o (2.53)
AHT (TankHeight'H HT )
Cold tank density
M2
k+1 Fillgas ¢y
Per = ) (2.54)
AbT (TankHeight'HCT )
Hot tank pressure
Pl = Pl RT (259
Cold tank pressure
P = PRI, (250

The momentum equation is used to determine how closely the equations are satisfied with the guess

o k+1

value of mZg
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t .2 k+1
Keev (mTES )

P+ AP
T 2Aécv Pres

k+1
pump I:)HT -

=error (2.57)

When the error is within some specified tolerance the (k+1) iteration values become new time (t+At)

values. Otherwise, a new guess value for mi¢ is chosen according to Brent’s algorithm.

For this algorithm it is necessary to bound the possible solution. To do this we consider the natural
solution for the mass flow rate.

2 Pres (Pct;At +AP

pump
2
KFCV /AFCV

The minimum flow possible is when the pressure of the cold tank is 0 psi. Likewise, the maximum

t+At
mt+At _ I:)HT )
TES —

(2.58)

possible flow is when pressure in the hot tank is 0 psi. Using the past time pressures as estimates of

the new time values, gives an estimate of the bounds for the new time flow rate.

- 2pTES (APpump - I:)I-tIT )
min I<FCV /Aécv

- 2IOTES (PCtT + AF)pump)
mex KFCV / Aécv

The nonlinear solver then does a number line search on a value of mi; such that all of the equations

o T+AL
IT]TES

(2.59)

o t+AL
mTES

(2.60)

associated with the tube side are satisfied. Once this value has been determined, miz: is the solution

for mite'. This value is directly substituted into the tube side equations to determine

t+At t+At t+At t+At t+At t+At t+At t+At t+At Ft+At
TIHXEXR ’THT ' HHT ' HCT ’pHT 7pCT ' I:)HT ' PCT 1Q|HX 1TTES

A schematic of the Thermal Energy System solution strategy is illustrated in Figure 2.2.
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— Time Advancement
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Advance Valves

Advance Shell Side of IHX

After Newton Iteration Converges Gives
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p T pu 00, Py My M yop: Mpgy

Advance Heat Exchanged Between Two Sides
Qi

Advance Tube Side of IHX

Nonlinear Search Gives

+ AL r+Ar r+Ar + AL [+Ar I+ Ar r+Af [+ Ar Arl+AL
Ty, - Ter -Hgr -Her 2 Par oPer -Par -Por 2T

Figure 2.2: Thermal Energy Storage System Time Advancement Scheme

2.4 Control

The TES system has four valves used to control the system parameters: auxiliary bypass valves, TES

flow control valve, auxiliary control valve, and pressure relief valves.

To test the system in a stand-alone mode prior to connecting the reactor system model, the auxiliary
bypass valves are operated based on a single element controller where the error signal is generated
from the difference between normalized nominal steam flow and the sum of the bypass flow and

turbine steam flow. Steam flow to the turbine is related to the electric demand from the grid. The

21



difference between the nominal steam flow rate and the turbine flow rate is a measure of the excess
capacity in the system. The bypass valves have individual opening set points, based on the total
steam demand.

(mnominal - (mturbine + mbypass))

Signal,, =
TBV m

(2.61)

nominal
Flow from the cold tank to the hot tank is via a TES flow control valve. The TES flow control valve
operates off a single element controller that modulates to maintain the TES fluid temperature leaving

the Intermediate Heat Exchanger at some reference value.

Toe, =T
H IHX Exit IHX Exitref
Signal ., =

(2.62)
IHX Exitref

The auxiliary control valve (ACV) is used to control the IHX hot well level. This valve operates on a
three element controller based on the level of the IHX and the difference in mass flows into and out of

the IHX as shown in equations (2.63)-(2.65) where G; and G, are error weighting gains.

Signal .., =G,E, +G,E, (2.63)
E, = Level-Level ., (2.64)
EZ = mbypass - rﬁACV (2.65)

Pressure relief valves (PRV’s) have been installed in the IHX to mitigate pressure increases. Should
pressure reach an upper set point the valves will open according to equation (2.66) and will not close

until the pressure falls below a lower set point.

PIHX - PIHX .
Slgﬂ&'PRV — Setpoint (266)

IHXSetpoint
The only variables directly controlled in the charging mode of the TES system are the IHX exit
temperature on the inner loop and the level in the IHX. All other variables including IHX pressure,
tank levels, inner loop mass flow rate, and heat transfer across the IHX are indirectly controlled

variables calculated from the mass, energy and momentum balances on the system.

A stop valve is placed in the flow line between the cold tank and hot tank to ensure tank pressure and
level stay below designated set points. Should either the pressure or level set points be exceeded the
stop valve will close and TES fluid flow between the tanks will cease. A redundant control on level is

that the volume of Therminol-66 in the system is less than the total volume of either tank.
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Chapter 3 Condenser Model

3.1 Design

The presence of the TES system places additional demands on the condenser, and its time dependent
behavior is necessary to predict overall system performance. The condenser model is sufficient to
handle all foreseeable operating modes. Included in the Condenser model are flows from the turbine
and the TES system’s ACV and PRVs. The condenser model will provide the time varying condenser

pressure and associated system dynamics.

© O

mass Flows from Turbine @

mass Flows from PR

Mass Flows from ACY
Feed Flow Condenser

Cooling Water mass Flow

_00d ©

]

OIOIOIOZE:

Figure 3.1: Condenser Configuration

3.2 Condenser equation set

To model the Condenser, an equation set similar to that for the Intermediate heat exchanger is used.

Energy Equation

dpu . . . . :
cond dt = ; My hf@HHx + ; mPRV,,,D< hg@F>IH>< + Iz mturbexh hexhI ~ Megeq hf@ ot QCond (3.1)
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Mass Equation

cond dp mex + szRVW + thurbexh Meeeq 3.2)

State Equations
P =aptayp, 3.3)
pu = pU +a,pU, (3.4)

Differencing in time gives

trAt
pu t+At). t+AL t+At t+At t+At t+At t+At t+At \t
Vcond { Z m IHX hf + Z m PRV« g@PIHX + Z mturbExh heml Feed hf@ Peond - QCond (35)
pt+At
t+At t+At t+At t+At
Vcond Z m ix Z mPRV|Hx + Z turby, Meeeq (3.6)

State Equations

t+At t+At _t+At t+At _t+At
p =y ey, (3.7)
t+At t+At _t+At t+At t+At t+At,  t+AL
pUTT = p M, o Ug (3.8)

Assuming the inlet flows and enthalpies are known, casting the problem as a Newton lIteration gives

for the new iterate values

pu t+At t+At t+At l+Al t+At H»AK H»AK t+At 3t
Vcond Z m IHX hf + Z m g + Z mturb - Feed hf - QCond (39)
@ Py IHX @ P @ Feong

M _ 0 I+AI t+At tHAt e tHAL
Vcond At N z M Z PRVi1x z mturbexh m Feed (3.10)
n m
P = p (g Pl ) = 21 (Plina ) + 4 [pg (Phos) =21 (Pl )] (3.11)

~ k

pu =pu(apl)=p (P )u (P)+a o, (P )u (P ) = o, (P )y, (PL)] G12)

op ap
Pt =pk +oay——| + 0P —= (3.13)
8ag ) oP |,
put = pu' +5agg’;u +5PcOnd%u (3.14)
9 |k k
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The system of equations can be rewritten as a direct solve for pu**, p'“l,&agﬁ Poona - Upon
convergence, the heat transfer rate for the next time step (QL,,) can be obtained from

QCond =UA¥0ndATm where

(Tsat - TCondexn ) - (Tsat - -I-Condm,(et )

AT, = (3.15)
In Tsat - TCondexi,
Tsat - TCondm,E[
2znL
UA,. = 3.16
Ao =7 ) 1 (319
—+=In| 2> |+—
hiri k rl horo

The condensing heat transfer rates h, and h, are obtained in the same manner as in the intermediate

heat exchanger equations (2.18) and (2.19).

It will be assumed that the mass flow rate of the cooling water is constant and known along with the

cooling water inlet temperature and pressure. This givesT. To calculate T, ,an energy
exif

ondjnje; *

balance can be applied between the tube and shell side of the condenser.

t+At t
Condgge ' Condeye . t+At _ At
\/CondpflowcpfIUW = At ot mCondeﬂOW {TCondexn o TCondin,el } - QCond (3'17)
Rearranging gives for T¢, i
t VCond/OroprﬂOW
it . .
t+At _ QCond mcondcpflochondinlet Condexn At
Condexit - é’ + éf + 4, (318)
Va2 110wC
Cond 7~ flow™ pfou 5
Where, { = ————=+ M, ,C, .
At Con P flow

3.3 Simulation

To test the condenser model, a 100 second null transient was run. The initial conditions and sizing of

the condenser are shown below in Table 3.1.
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Table 3.1: Condenser Parameters

Parameter Value

Number of Tubes 76824

Length of Tubes 24.1 feet
Thermal conductivity 10.3 Btu/hr-ft-F
Cooling Water Temperature 50F

Pressure of Cooling Water 14.7psi
Cooling Water Mass Flow Rate 34,110,000 Ibm/hr
Condenser Design Pressure 0.7 psi

Cross Sectional Area of Shell Side 114.611 ft°
Cross Sectional Area of Tube Side 116.4 ft?

Tube Inner Radii 0.022 ft

Tube Outer Radii 0.029 ft

Turbine exhaust mass flow
Flow out of Condenser
Design Heat Transfer Rate

1,146,000 lbm/hr
1,146,000 Ibm/hr
350 MW

Condenser Pressure
0.716 T T

0.714

0712 ff

]
p: |

0708 |-|

Pressure (psia)

0.706 |

0.702 - e " £
0 20 40 60 80 100 120
Time (sec)

Figure 3.2: Condenser Pressure

Condenser Level
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7.2412
72411 |
7.241 1

7.2409 H

Level (ft)

7.2408 |
7.2407 | |

7.2406 -

7.2405 + L + - -
o 20 40 60 80 100
Time (sec)

Figure 3.3: Condenser Level
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Figure 3.4: Condenser Heat Transfer Rate

As illustrated in Figure 3.2-Figure 3.4 the condenser model quickly goes to steady state. The system
stabilizes at a pressure of 0.7 psi and is rejecting about 350MW of power.
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Chapter 4 TES Standalone System Response

4.1 NuScale Size System

The system was designed to accommodate 85% steam dump from a NuScale size system for 24

hours. To accommodate this demand, large storage tanks were installed. To ensure that neither tank

over pressurizes the combined amount of TES fluid in both the hot and cold tanks is slightly less than

what either one could hold on their own. System design parameters are given in Table 4.1.

Table 4.1: NuScale Size System Parameters

Parameter

TES Fluid

Hot tank Volume

Cold Tank Volume

IHX reference Exit Temperature
Number of TBV’s

TES maximum steam accommodation
Pressure Relief Valve Upper Setpoint
Pressure Relief valve Lower Setpoint
Turbine Header Pressure

Shell Side (outer loop) IHX Volume
Number of tubes

Length of tubes

Tube Inner Diameter

Tube Outer Diameter

Mass of Hot Tank Fill Gas

Mass of Cold Tank Fill Gas
Temperature of Cooling Water
Volume of Condenser (Shell Side)
Number of tubes in Condenser
Length of tubes in Condenser

Mass Flow of Cooling Water
Condenser Tube Inner Diameter
Condenser Tube Outer Diameter

Value
Therminol®-66
2,000,000 ft*
2,000,000 ft*
500F

4

85% Nominal conditions of NuScale size reactor
780 psi

735 psi

825 psi
755.443 ft
12190

36 ft

0.044 ft

0.058 ft
1.122x10° Ibm
1.309x10° Ibm
50F

7607 ft*

76824

24.1ft
3.411x10" Ibm/hr
0.044 ft

0.058 ft
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4.1.1 Aggressive Load Profile

To test the robustness of the TES system an aggressive load profile was made for the system ranging
from 85% bypass all the way down to 30% bypass over a sixteen hour run. This load profile is not
typical of standard electrical demand profiles and is only used to test the robustness of the TES
system model. If this demand can be met then it stands to reason that other less aggressive profiles

should be easily accommodated given proper sizing of the system.

70

Turbine Load
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time (hour) time (hour)
Figure 4.1: Aggressive Load Profile Figure 4.2: Auxiliary Bypass Valve Position
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Figure 4.3: Bypass Flow Figure 4.4: Level in the Intermediate Heat Exchanger
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Figure 4.9 Hot and Cold Tank Pressures Figure 4.10: Hot and Cold Tank Levels

The system has a nominal output of ~160 MWth. As seen in Figure 4.1 the system initially starts with
about 15% load on the turbine. This small turbine load means that the TES system is in full charging
mode as 85% of the net reactor capacity is being pushed through the TES system. At this demand

level all four of the auxiliary turbine bypass valves are open to allow steam into the IHX.

As the turbine load increases the bypass valves begin to close and subsequently the heat transfer rate
to the inner loop decreases. When the heat transfer rate decreases so does the TES fluid exit
temperature causing the FCV to close to keep the temperature at the set point value. The closing of
the FCV reduces the charging rate between the hot and cold tanks as seen in Figure 4.7. At the end of
the run the cold tank has gone from 82% full down to about 26% full while the hot tank has gone
from 15% full up to about 72% full.

At the full design criteria of 85% steam dump with the cold tank relatively full, the FCV is ~25%
open. This extra 75% capacity in the FCV is to accommodate full 85% steam dump when the hot tank

approaches its design capacity.

4.2 mPower Size System

In the next scenario, a TES system designed to handle bypass from a mPower size reactor was
simulated. mPower has an electric output of 180MWe with a 530MWth operating power [29]. The
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TES system bypass lines have been designed to accommodate ~45%-50% bypass from the reactor at

an IHX shell side operating pressure of 750psi. The Condenser for this model has been designed to

accommodate 530MW.

Table 4.2: Design Parameters for a mPower size TES system.

Mass of Hot Tank Fill Gas

Mass of Cold Tank Fill Gas
Temperature of Cooling Water
Volume of Condenser (Shell Side)
Number of tubes in Condenser
Length of tubes in Condenser
Mass Flow of Cooling Water
Condenser Tube Inner Diameter
Condenser Tube Outer Diameter

Parameter Value

TES Fluid Therminol®-66
Hot tank Volume 8,000,000 ft*
Cold Tank Volume 8,000,000 ft*
IHX reference Exit Temperature 500F

Number of TBV’s 4

TES maximum steam accommodation ~45% Nominal
Pressure Relief Valve Upper Setpoint 780 psi
Pressure Relief valve Lower Setpoint 760 psi
Turbine Header Pressure 825 psi

Shell Side (outer loop) IHX Volume 1171
Number of tubes 19140

Length of tubes 36.9 ft

Tube Inner Diameter 0.044 ft

Tube Outer Diameter 0.058 ft

5.235x10° Ibm
4.489x10° Ibm
50F

7607 ft°

76824

241t

3.411x10” Ibm/hr
0.044 ft

0.058 ft
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Figure 4.22: Level in the IHX.

The reactor system was assumed to have sufficient capacity to meet 100% load on the most extreme
summer day. The run shown above is representative of a typical summer day [1]. As a result, there
will always be some bypass demand. Bypass demand goes as nominal reactor output-turbine demand.
For the run shown we have bypass ranging from ~45% bypass down to ~7-8% bypass. Figure 4.13
shows that we are able to meet bypass demand as the valves never fully open or shut. Figure 4.14
shows the operating pressure at 45% bypass at the 750 psi design pressure, and over the course of the
run reaches a minimum of ~700psi. As the pressure does not fall below 680psi, the shell side
saturation temperature remains above the tube side set point temperature of 500F. Should the pressure
in the IHX fall below this value the set point temperature on the tube side could not be reached.
Further, the pressure in the IHX never reaches the setpoint of 780psi at which point the Pressure
Relief Valves would open. Since the Pressure Relief Valves do not open this means zero energy is
bypassing the TES system through the PRV’s.

As shown in Figure 4.16 the flow control valve is ~24% open at the beginning of the simulation, it
continues to move to ~42% open as bypass into the IHX increases. It then begins to close down to
~8% open as the amount of bypass flow into the IHX decreases later in the simulation. Figure 4.17
shows the flow control valve is able to maintain TES exit temperature at ~500F over the entire 24

hour simulation.

As the hot tank fills and the cold tank empties, the pressures in the tanks change due to compression
and expansion of the cover gases. As the pressures change the relative position of the FCV required to
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achieve the same mass flow rate of TES fluid changes. As a result, the FCV is more open towards the

end of the 24-hour run than the beginning despite the same demand levels.

Over the course of the day condenser pressures vary from 0.86psi to 1psi, despite the condenser
cooling water temperatures and flows remaining constant. The level of the IHX remains steady about

the reference value of 8 feet.
4.2.2 Typical Winter Day

During the winter months there tends to be two peaks in the load profile. One associated with
morning activities around 8-10am and a second when people are returning home for the evening [1].
Given that bypass flow goes as 1-relative demand, the overall bypass demand on the system is larger

in the winter than in the summer months.
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Figure 4.23: Winter Day Load Profile
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As indicated in Figure 4.23 the turbine load goes from a minimum of ~57% up to 90% demand. This
means the bypass demand is ranging from 43% nominal flow down to 10% nominal flow. In Figure
4.25 we see the turbine bypass valves never all go full open or full shut. This means we are never
getting into a situation where the bypass demand is not met. Pressure in the IHX can be seen in Figure
4.26 and over the course of the run never falls below the target saturation pressure of 680psi or goes
above the PRV set point of 780psi. With the pressure staying above 680psi the saturation temperature
in the IHX stays above the reference temperature of 500F. Likewise, the pressure remaining below
780psi over the course of the entire 24 hour run ensures the PRV’s remain closed. With the PRV’s
remaining closed all of the potential heat from the reactor is transferred into the TES fluid rather than
bypassing straight to the condenser. From Figure 4.27 the flow control valve can be seen to never
fully open or fully close. This means the system is never at the limits of its capacity and should be
able to maintain the temperature at the top of the IHX over the course of the entire 24 hour run. This
can be seen in Figure 4.28. As the flow control valve modulates flow to maintain the TES fluid

temperature, the hot tank begins to fill as seen in Figure 4.29 .

4.2.3 Summer Day —Including Solar

The summer day load profile was modified to reflect upwards of 40MWe installed solar capacity. The
reactor system was again assumed to have sufficient capacity to meet 100% load on the most extreme
summer day. When applied to a standard summer day as in the previous example the output from
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solar influences the load drastically. Figure 4.31 shows the overall load from 3am in the morning
through 3am the following morning. Over the course of the day the solar output increases from zero
power from midnight to 4am to near full power from 8am to 3pm [2]. Since solar generation tends to
have grid priority in most areas this directly affects the demand profile seen by the nuclear plant. This
difference in load can be seen in Figure 4.31 when comparing the overall demand with the demand on
the reactor. The reactor demand curve is the result of taking the overall demand and subtracting the
solar output from Figure 4.30.
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Figure 4.30: Typical Solar Output for a Summer Day
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Over the course of the simulation bypass flow ranges from 45% down to a bypass flow rate of ~13%.
During this time Figure 4.33 shows the bypass valves initially start with one full open, two partially
open, and one closed. The two partially open valves are at positions of ~17% and 67%. This 50%
difference is due to a 50% overlap in the opening and closing set points for the valves. As the run
progresses and the bypass demand is reduced, the valves close such that at 18 hours into the
simulation all but one of the valves are completely closed. As the valves close and heat continues to
be transferred from the shell side of the IHX to the tube side, shell side pressure decreases. Pressure
ranges from 750psi to ~707psi, but remains above 680psi corresponding to the reference temperature

of the IHX. Further, the pressure never reached the set point of 780psi that would open the PRV’s.

As seen in Figure 4.36 and Figure 4.37 the flow control valve is moving to insure the temperature at
the exit of the IHX is maintained at 500F. From Figure 4.38 the hot tank level increases and is able to

accommodate the full 24 hour load cycle.
4.2.4 Summer Day -Including Wind

Solar generation is only available when the sun is shining. Wind power on the other hand is variable
throughout the day. This inability to predict wind availability necessitates the need to lower the
penetration level of wind power compared to solar power [2]. While solar generation tends to
coincide with the highest power demand parts of the day, wind can be producing power at full

capacity during times that demand is already low. If the wind penetration is sufficiently large this

43



could create a situation where the bypass valves are full open and the bypass demand cannot be met.

In this situation, the reactor would likely be required to reduce power.
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Figure 4.40: Wind availability profile.
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Figure 4.41: Typical summer day profile with 20MW wind capacity installed.
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The demand on the reactor is the overall demand minus power provided by the wind plant. This

decrease in turbine demand, seen in Figure 4.41, increases the amount of bypass flow allowed into the

system. The bypass demand is upwards of 55% around 3am. This large amount of bypass is slightly

more than the TES capacity, as seen in Figure 4.43.
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For the load profile considered above the bypass demand reaches around 55%. When attempting to
accommodate this large bypass demand the bypass valves go full open. At their full open position, the
valves are unable to provide the bypass flow necessary to keep the reactor at 100% power. In this
situation the reactor would have to decrease power. While the bypass valves are full open the pressure
in the IHX increases. Fortunately, over the course of the run the pressure stays below the PRV set
point of 780psi meaning the PRV’s are never forced to open. As bypass demand decreases later in the
day, the bypass valves close and pressure in the IHX decreases. Figure 4.45 and Figure 4.46 show that
over the course of the run the FCV went from 38% open up to 68% open as the FCV is modulating to
maintain the reference temperature at the top of the IHX. For a brief period when the pressure in the
IHX was dropping quickly the heat transfer rate across the IHX also drops. As the heat transfer rate
across the IHX decreased rapidly the temperature at the exit of the IHX dropped significantly and it
took the FCV a while to ultimately catch up. This is why there is a small period of time (~5-10
minutes) where the TES fluid temperature leaving the IHX is slightly less than the reference

temperature.
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4.2.5

Summer Day -Including Wind and Solar

Another potential configuration is with simultaneous wind and solar generation in an area.
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Figure 4.48: Summer Day Load Profile with Wind and Solar Generation
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The inclusion of both wind and solar produces a much more demanding load profile. With the
increased demand on the TES system the bypass valves often go to their full open position. When full
open the amount of bypass required to maintain the reactor at nominal 100% power is not met. This
means the reactor will be required to decrease in power. Figure 4.50 shows that from hour 3 to about
hour 8 the bypass valves are full open. Looking at Figure 4.51 the pressure in the IHX never
decreases below 680psi and never goes above the 780 set point for PRV’s to open. Over the course of
the simulation the flow control valve oscillates between 10% open and 80% open to maintain the

temperature at the exit of the IHX at the reference 500F as seen in Figure 4.52 and Figure 4.53.
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Chapter 5 Reactor Simulator

5.1 Simulator Design

To further test the systems robustness, the TES system model was connected to a high fidelity time-
dependent SMR systems code [30]. The systems code gives the time dependent behavior of the
reactor, primary and secondary coolant loops, balance of plant and associated control systems. The
modeled SMR was an Integral Pressurized Water Reactor with system parameters similar to B&W’s
mPower. The nodalization of the primary loop is illustrated in Figure 5.1.
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Figure 5.1: SMR Simulator Nodalization
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The Steam Generator is a Once Through design where the tubes are located in the annulus between
the Pressure Vessel Wall and the upper riser. The Steam Generator Tube length was designed such

that there is ~50 F superheat at nominal conditions with a steam pressure of 825 psia.

Table 5.1: SMR Design Parameters

Parameter Value
Reactor Thermal Output 530 Mwt
Electric Output 180 Mwe
Primary System Pressure 2050 psia
Core Inlet Temperature 566 F

Core Exit Temperature 611 F

Core Flow Rate 30 Mlbm/hr
Steam Pressure 825 psia
Steam Temperature 571 F

Feed Temperature 414 F
Steam Flow Rate 2.1MIbm/hr
Number of Tubes 7048

Tube Material Inconel-690
Tube Inner Diameter 0.523 inches
Tube Outer Diameter 0.687 inches
Pitch 0.824 inches

5.2 Connection Points

A typical main steam line configuration is illustrated in Figure 5.2. For plants incorporating Once
Through Steam Generators (OTSG) the turbine control valve (TCV) acts as a pressure control valve
to maintain Steam Generator pressure at some set point. With this in mind there are two options for
bypassing steam to the TES system. Bypass can either be taken off the steam line at the pressure
equalization header before the turbine control valves or after the turbine control valves prior to
entering the high pressure turbine. For the TES system design described previously it is desired to
have roughly constant steam conditions since the shell side pressure in the Intermediate Heat
Exchanger directly affects the reference temperature at the top of the IHX. This constraint makes
taking bypass steam from the pressure equalization header upstream of the turbine control valves the
preferred operating mode. Taking bypass steam downstream of the turbine control valves would give

highly varying steam pressures and temperatures that could result in low IHX pressures.
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Figure 5.2: TES configuration with bypass taken prior to the Turbine Control Valves.

5.3 Control

The goal of the bypass flow controller is to provide bypass steam to the TES system at a rate
sufficient to maintain the reactor at or near its nominal steady state value. This requires a more

sophisticated control algorithm than that given previously as equation (2.61)

The new control algorithm is given below.

m m
- _ Bypasspemand Bypass
SlgnaITBV —+m—m— (5.1)
Bypassger Bypassger
WFuIIpower _Wload

mBypassDemsmd = rﬁnominal + ShImTES (5-2)

load

K snimMnominai (QRX'ef ~ ) A
Qry

T AL i
Shim;gg" = Shim;g +

(5.3)

ref
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The new bypass valve controller generates an error signal based on the difference between measured
bypass flow and a bypass flow demand signal. The bypass demand signal assumes the required
bypass flow is proportional to the relative difference between the nominal full power turbine output
and the instantaneous electric load plus a correction term (shim). The shim term modifies the demand

signal such that reactor power is kept approximately constant.

Prior to connecting the Rx simulator to the TES system model, a series of stand-alone simulations
were run to test the performance of the bypass controller and assess its impact on the reactor system

behavior. Standard 24-hour summer and winter load profiles were run.

5.4 Standalone Reactor Response

54.1 Typical Summer Day

Throughout the full 24 hour run turbine load is dictated by the grid demand, shown in Figure 5.3. As
illustrated in Figure 5.5 and Figure 5.7, as turbine load varies the bypass flow varies to match turbine
load and keep the reactor power approximately constant. The TCV’s modulate to maintain steam

generator pressure at 825psi.
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Figure 5.3: Typical Summer Demand Profile
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5.4.2 Typical Winter Day

Similar results are obtained when the reactor is subjected to the typical winter demand profile
illustrated in Figure 5.8. As before the auxiliary bypass valves open to maintain reactor power while
meeting electric demand.

90

85 / L‘\\l 1

==}
(=1
>
.
AN
AN
\,
—
B
L

Percent of Capacity
~
[3.]
—__h__‘——_

~
(=)
—

65 .

60

0 5 10 15 20 25
Time (Hours)

Figure 5.8: Typical Winter Demand Profile.
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To show the benefits of bypassing steam to the TES system, a 24 hour simulation without bypass was

run using the typical summer day load profile. Shown in Figure 5.14 and Figure 5.15, the system is

able to maneuver such that turbine output matches load. Reactor thermal output also follows the load.

Control rods are configured in four overlapping banks and move to match a specified T, program.

As shown in Figure 5.17, banks A — C remain in their full out position and control bank D is

sufficient to provide reactivity control for the maneuver.

Maneuvering the plant to follow load profiles of this nature can place additional stresses on the fuel

and mechanical components that can limit plant lifetime.
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Chapter 6 Coupling the Reactor Simulator and TES System Model

It has been shown the stand alone TES and reactor systems models are able to accommodate the
simulated load profiles and associated bypass flows. Of interest is how steam bypass coupled to a
time varying TES system influences the reactor behavior. This requires accounting for the feedback
between the two systems. The reactor simulator calculates the TES bypass valve positions and
effective loss coefficients based on the assumed demand profile. It also passes the pressure
equalization header pressure and steam enthalpy to the IHX. The TES routine uses these variables to

compute the TES system behavior and returns bypass flow to the reactor model.

6.1 Additional Control Requirements

When connecting the TES system to the reactor simulator it was discovered that additional control of

the TES flow control valve was required.

When the bypass control valves open and thermal energy is bypassed into the IHX, pressure begins to
rise. During this time energy is conducted across the IHX tubes into the TES fluid. The TES Flow
Control Valve, designed to maintain a reference temperature at the exit of the IHX, coupled with the
pressure relief valve has an infinite number of solutions. Only one of which will match energy into
the IHX with energy being transferred across it. A mismatch between energy into and across the IHX
will lead to pressure changes in the IHX. To mitigate pressure changes and help match energy into
and across the IHX a second signal was added to the TES Flow Control Valve controller. The second

error signal is based on

m m
Error, = —20P% TS

BypassRef mTESRef (6 1)
. _ mBypassRef (hSteam - hf (PIHX ))
mTESRef -

CpTES (TIHXRef - TCT )

Where m is the reference design bypass flow rate for the IHX. The TES Flow Control Valve

Bypassget

now modulates according to a three-element controller.

Signal., =G,Error, +G,Error, (6.2)
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Where,

TIHX Exit B TIHX Exitref

Error, =
IHX Exitref

This controller allows the system to match the Intermediate heat exchanger reference temperature and
roughly match heat input into the TES fluid with the heat bypassed into the IHX.

6.2 Full Reactor TES simulations

6.2.1 Summer Day

To test the performance of the reactor when attached to the thermal energy storage system the typical
summer day load profile, shown in Figure 6.1, was used. Time zero on the demand profile
corresponds to midnight. The control strategy is for the reactor to run continuously at about 100%

power, and during times of off peak demand bypass steam to the TES system.
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As shown in Figure 6.8, turbine output matches the grid demand for the full 24 hour run. From Figure
6.10-Figure 6.12 the TES bypass valves modulate to keep the power of the reactor approximately
constant and to match turbine load. As steam enters the IHX the TES flow control valve begins to
move according to equation (6.2). Energy from the steam is transferred across the IHX tubes into the
TES fluid pumped from the cold tank to the hot tank. As energy from the steam is transferred across

the IHX, the steam condenses and is collected in the hot well below the IHX.
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The flow control valve helps to match the energy transfer into the IHX with the energy transfer rate
across the IHX. This controller helps keep the pressure swings in the IHX to a minimum and

minimizes perturbations to the reactor system.

Initially, turbine demand decreases causing an increase in bypass demand, opening the bypass valves
and allowing more steam to be bypassed into the TES system. To accommodate an increase in bypass
the TCV’s close to maintain steam generator pressure at 825psi as shown in Figure 6.6. This closing
of the TCV’s causes a decrease in the impulse pressure. As the impulse pressure decreases, so does
turbine work. Reduction in the turbine impulse pressure also results in a decrease in the tap pressures
used in feed heating, which causes a decrease in the feed temperature. The reduction in feed
temperature decreases primary temperature which increases reactor power. This small increase in
reactor power dials back the bypass demand based on the shim component of the bypass valve control

algorithm.

This secondary shim control is why a 40% decrease in load does not equate to 40% thermal energy
bypass into the TES system despite the reactor maintaining 100% power. This is due to a reduction in
the cycle efficiency as the demand on the turbine is reduced. The reduction in cycle efficiency results
from the reduction in feed temperature as well as the reduction in turbine impulse pressure as the
TCV closes.

During the run the hot tank goes from 29% full to 38% full while the cold tank drops from 68% full
down to 59%. This makes sense since the tanks are designed for upwards of 40% thermal bypass for
24 hours where during this simulation the maximum bypass only reached about 20%.

Of additional interest are the primary system temperatures and pressures. As illustrated in Figure 6.3
and Figure 6.4, primary temperature and pressure is effectively constant for the duration of the
transient. In addition, as shown in Figure 6.5 — Figure 6.7 only small perturbations are seen in steam
generator temperature, pressure and boiling length. Not shown are the control rod positions, which
remained constant throughout the simulation. The small variations in these parameters lead to
significant stress reductions in the fuel and other components which ultimately extend reactor

lifetime.
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6.2.2 Summer Day —Including Solar

An advantage of TES systems is the ability to accommodate the presence of intermittent energy
sources on the grid, particularly solar energy penetration that can be varying depending on time of
day or cloud cover. The amount of solar penetration is region and area specific but for the case
considered below we will assume a combined profile matching that considered earlier but scaled such
that the maximum turbine load is 60%. The load profile is given in Figure 6.19. Time zero
corresponds to midnight. Over the course of the simulation, turbine load is met while thermal power
stays approximately constant as illustrated in Figure 6.20 and Figure 6.21. The response of other
system parameters is similar to that shown previously for the typical summer day. The TES system
has the capacity to charge for the full 24 hour run as tank levels go from 26% to 45% as shown in
Figure 6.23.
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Figure 6.19: Summer Day Demand Profile with Solar Generation
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The coupled reactor — TES system was run for the typical winter day demand profile given in Figure

6.24. The system was again able to meet electric demand while maintaining constant reactor power

as shown in Figure 6.25 and Figure 6.26.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The results presented demonstrate the feasibility of using TES systems coupled to Small Modular
Reactors to minimize power swings during periods of variable electric load. If SMRs are to be
deployed in conjunction with intermittent power sources such as wind and solar, these load variations
can be significant. Through the use of a sensible heat storage system, it has been shown thermal
energy can be stored during periods of low demand, to be recovered at a later time for either electric
generation or process heat applications. With the implementation of a TES system, decreases in
capacity factor and increased stresses on plant components associated with load follow operation can

be minimized, improving economic return over the lifespan of the reactor.

7.2 Future work

Future development will focus on the development and implementation of the models and control
strategies necessary to implement the discharge mode. Once the discharge mode is running, studies
will be done on how to best optimize system parameters for size and desired ancillary applications.
Development will also focus on the design of a high fidelity time-dependent balance of plant. The
inclusion of a time-dependent balance of plant system will allow for a more in-depth look at the

overall system efficiency associated with thermal energy storage systems.
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9.1 Aggressive Load Profile 100MWt1 reactor

The system was designed to handle 85% steam dump from a 100Mwt system for upwards of a day.

To accommodate this demand, large storage tanks were installed. To ensure that neither tank over

pressurizes the combined amount of TES fluid in both the hot and cold tanks is slightly less than what

either one could hold on their own. System design parameters are given in Table 9.1.

Table 9.1: System Design Parameters

Parameter Value

TES Fluid Therminol®-66
Hot tank Volume 1,000,000 ft*
Cold Tank Volume 1,000,000 ft*
IHX reference Exit Temperature 500F

Number of TBV’s 4

TES maximum steam 85% Nominal conditions of NuScale size reactor
accommodation

Pressure Relief VValve Upper 780 psi
Setpoint

Pressure Relief valve Lower Setpoint 730 psi
Condenser Pressure 1 psi

Turbine Header Pressure 825 psi

Shell Side (outer loop) IHX Volume  566.58 ft*
Number of tubes 12190

Length of tubes 40 ft

Tube Inner Diameter 0.044 ft

Tube Outer Diameter 0.058 ft
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Figure 9.9 Temperature at exit of IHX for the inner loop Figure 9.10: Tank Levels for the hot and cold tanks.
entering the hot tank

The system has a nominal output of ~100 MWth. As seen in Figure 4.1 the system initially starts
with about 15% load on the turbine. This small turbine load means that the TES system is in full
charging mode as 85% of the net reactor capacity is being pushed through the TES system. At this
demand level all four of the auxiliary turbine bypass valves are open to allow steam into the IHX.

With such a large amount of steam dump into the IHX the FCV opens quickly and the mass flow
rate of the TES inner loop is at full capacity as shown in Figure 9.7. Since the FCV is responsible for
maintaining the TES fluid exit temperature from the IHX at a preset point, with the valve in its full
open position the exit temperature will increase above the set point value. From a practical standpoint
this is not a major concern as long as the TES fluid temperature remains below its maximum design
limit.

As the turbine load increases the bypass valves begin to close and subsequently the heat transfer
rate to the inner loop decreases. When the heat transfer rate decreases so does the TES fluid exit
temperature causing the FCV to close to keep the temperature above the set point value. The closing
of the FCV reduces the charging rate between the hot and cold tanks as seen in Figure 9.8. At the end
of the run the cold tank has gone from 91% full down to about 33% full while the hot tank has gone
from 8% full up to about 66% full.
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9.2 Additional Graphs for Stand-alone system
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9.2.1.2. Typical Winter Day
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9.2.1.4. Summer Day -Including Wind
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9.3 Additional Graphs for Stand-alone Reactor Response
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9.4 Additional graphs for full Reactor-TES simulations

9.4.1 Summer day — Including Solar
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Figure 9.51: Steam Flow from Steam Generator
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Figure 9.53: Feed Train Temperature
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TES TBV Valve Positions
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Figure 9.55: Auxiliary Bypass Valve Position
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Figure 9.58: Energy dump into and across IHX.
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o 06 Mass Flow TES

- TES Fluid Temperatures
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Figure 9.59: TES fluid flow rate Figure 9.60: TES Fluid Temperature Leaving IHX.
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Figure 9.61. Intermediate Heat Exchanger Level Figure 9.62: Tank Pressures.
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9.4.2 Typical Winter Day
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Figure 9.63: Steam Flow leaving Steam Generator
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Figure 9.65: Feed Train Temperatures
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TES TBV Valve Positions
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Figure 9.67: Auxiliary Bypass Valve Positions

720

Pressure IHX

25

715

Pressure (psi)
~
2
g
T

10 15
time (hour)

20 25
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4 0f Mass Flow TES TES Fluid Temperatures
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Figure 9.71: TES Fluid Flow Rate Figure 9.72: TES Fluid Temperature Leaving IHX.
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