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E. Storage Modeling

The main advantage of concentrated solar power (CSP) systems compared to other renewable
electricity technologies is the storability of thermal energy with different kinds of thermal energy
storage systems. With such a system it is possible to produce electricity after sunset if there is a
demand from the grid. Within this appendix a general modelling approach is presented for the
calculation of different storage systems. The section E.1 gives a general overview of the
subcomponent TES and introduces some general equations. The following sections describe a specific
modelling for each introduced storage technologies and are divided into several sub sections for the
description of the main physical effects on the annual yield calculation.

E.1. General overview

All kinds of thermal storage concepts can be simplified to a basic energy flow scheme. Such a scheme
is depicted in Figure E.1. The thermal energy storage (TES) can be charged and discharged by means of
a heat transfer fluid (HTF). The HTF transfers thermal energy in both ways from the solar field (SF) to
the TES and from the TES to the power block (PB). During operation and shut-down of the storage
system, it is necessary to consider the electric auxillary power consumption and the thermal losses of
the components of the storage system.

sub-system thermal energy storage

OTES

. ch

QTES ~TES
HL disch

TES
aux

Q

Figure E.1 Basic energy flow scheme for CSP TES systems

There are three different storage concepts described in this document:

e Indirect two tank molten salt storage
e Direct two tank molten salt storage
e Regenerator storage.

~TES,

The following basic equations for the thermal power Q and the actual energy content CTESt of the

storage system apply for all types of storage systems. The thermal power QTES of the TES is calculated
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by the difference between the charging and discharging power of the TES. If an external heat
exchanger is present, the heat loss QHL_HTX must be considered.

QT = QFs - QEES—QHL,HTX (E.1)

The thermal capacity of the TES cTESE

TES,t—At

is calculated for every time step t by the TES capacity of the last

TES

time step C , the thermal power QE3, the anti-freeze power consumption P,r and the thermal

losses QHL_tank of the storage tank (see Figure E.1).

TES,t TES,t—At - TES
cTESt — ¢ + (

Q™ + Pae — Qppan) * A (E2)
ES

The state of charge fsToc describes the energy level of the TES system and is calculated by the actual
energy content CTES® divided by the rated thermal capacity CEES of the storage system. The SOC is

used for a normalized evaluation of the TES.

CTES

S’I(‘)ECS = ~TES (E.3)
CO

E.2. Indirect two tank molten salt storage system

The most common storage concept for CSP-plants with synthetic oil as heat transfer fluid (HTF) is the
indirect two tank molten salt (MS) storage system. This kind of thermal energy storage (TES) is often
used in commercial parabolic trough CSP-systems for the extension of electric power production after
sunset and represents the state of the art for TES within the CSP area. The basic components are a
cold and a hot MS tank and a heat exchanger (HTX) for the heat transfer between the MS and the HTF.

For the yield calculation of an indirect two tank MS TES a HTX model, which is described in section
E.2.2 and a tank model, which is described in section E.2.3 is needed. It is also necessary to calculate
auxiliary variables (section E.2.4), consider pressure losses (section E.2.5) and the auxiliary electric
consumption (section E.2.6). With given default values for direct storage systems (section E.2.7), it is
possible to start calculating own yield calculations with adequate approach values. At the end of
section E.2 some sample calculations (section Fehler! Verweisquelle konnte nicht gefunden werden.)
are shown to explain the calculation procedure.

E.2.1. Schematic overview

In Figure E.2 a basic scheme for the charging (left) and discharging (right) process of an indirect two
tank storage is depicted. During charging, hot HTF is transferred from the solar field (SF) to the HTX of
the storage system. Inside this HTX, the heat is transferred to the sensible storage material. In case of
indirect two tank storage system a near eutectic mixture of sodium nitrate (NaNOs) and potassium
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nitrate (KNOs), so called Solar Salt, is used as storage material. This MS is stored on two temperature
levels in cold and a hot tank. The thermal capacity can be determined by calculating the specific
enthalpy difference between the hot and the cold storage tank and the usable MS mass. During the
charging process, the cold MS is pumped out of its tank and heated up with the energy from the SF.
The hot MS is then stored inside the hot tank. The cold HTF is then pumped to the SF. When all usable
MS from the cold tank is transferred to the hot tank, the thermal storage is fully charged and the
charging process has to be stopped.

(T 3
¢ SF ¢
LR 1
(T 3
¢ PB ¢
LR 1
O 0 e e e e O o e
/, A s\
QurHTX
TES 1 1ES T m1ES TES
Tdisch,in _dis | _"disch Tdisch,out
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TTES M, My, TTES
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Figure E.2 Charging and discharging scheme of a two tank storage system

During discharge, the direction of flow is reversed and cold HTF from the power block PB is transferred
to the HTX. Within the HTX, there is a heat transfer from the MS from the hot tank to the cold HTF.
The cold MS is then stored inside the cold MS tank. The hot HTF is then transferred to the PB. When
the hot tank reaches its lower usable MS level, the discharge process stops and the two tank storage is
fully discharged.

E.2.2. Heat exchanger model

The heat transfer from the HTF to the MS is realized by a shell/tube HTX with baffle plates in most
Spanish CSP power plants, see Figure E.3. In order to the minimization of exergy losses, the HTX is
operated in a counterflow operating mode. The simplified Q-T-diagram for the rated conditions is

1
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depicted in Figure E.4. Within a yield calculation it may occur that, depending on the location of the
CSP-plant, the TES is charged or discharged in partial load. The reduced mass flow of the HTF and the
MS through the HTX causes a reduced heat transfer between the HTF and the MS, which has to be
considered during an annual yield calculation. The proposed model uses the logarithmic mean
temperature difference approach (LMTD) for the consideration of the described partial load behavior
of the HTX during a yield calculation. More complex or comparable models (e.g. NTU-approaches) of

the HTX can be also used for the calculation of the indirect two tank storage system.
MS
cold

1T

HTF
cold

Temperature

HTF
cold

J_|_ I I | dTeota {
l Power
MS
hot
Figure E.3 Principle draft of a shell/tube HTX with Figure E.4 Q-T-diagram for rated conditions of the
counterflow layout for storage charging. HTX.
TES

The thermal power of the HTX Q
and the logarithmic temperature difference AT}, of the HTX.

is given by a heat transfer coefficient k, the heat exchange area A

QS =k -A- ATy (E.4)

In the following, it is presented how this general relation can be applied to the heat exchanger
configuration. The aim is to describe the part load behavior as a function of nominal conditions and a
part-load correction.

Heat transfer correlations at the HTX

The heat transfer coefficient of a HTX is determined by the convective heat transfer coefficient ayrr
inside the HTX pipes on the HTF side of the HTX and the convective heat transfer coefficient ayg on
the outer side of the HTX-pipes.

k=——
1,1 (E.5)

OHTF AMS

The influence of the thermal conduction is very low, due to the small thickness and the high thermal
conductivity of the pipe materials. For this reason, the thermal conductivity is negligible for the
purpose of annual yield calculation.
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The logarithmic temperature difference ATj,; of the HTX is defined as

AThot - ATcold

In (AThot> : (E-6)
ATcold

ATlog =

For the calculation of the logarithmic temperature difference, the temperature difference on the hot
and the cold side of the HTX, ATy, or and AT14, Mmust be calculated according to

AThor = |THTF,hot - TMS,hotl (E.7)
ATco1q = |THTF,cold - TMS,coldl- (E.8)

For the calculation, a heat transfer coefficient kA, for the HTX is defined. This coefficient represents

TES
0

the rated conditions of the HTX and is calculated by the thermal power Q at rated conditions and

the logarithmic temperature difference ATj,q

. TES
kA, =2 (£9)
ATlog,O

If the HTX is operated in part load conditions, it is necessary to calculate the part load behavior of the
HTX. For this purpose, the heat transfer coefficient under rated conditions kA, is corrected by the
factor kp¢p, with

kA =kAy - kea. (E.10)

The factor k. is calculated by ratio of the heat transfer coefficient k and the rated heat transfer
coefficient k . Considering equation E.5, the heat transfer coefficient k.. can be written as function
of the heat transfer coefficients aytr and ays and the rated heat transfer coefficients ayrg o and

awms,0-

-1 -1
o = k (aurro)  + (amso)
rel — 7 —

-1 -1 (E.11)
ko (“HTF) + (“Ms)
For the calculation of the relative part load heat transfer coefficient a, the ratio of part load and
rated mass flow is potentiated with a NuRelt-Exponent n (see Table 3 within section E.2.7). This
calculation has to be performed for the HTF and the MS side of the HTX. The usage of these exponents
is a common way to calculate the part load behavior of a HTX.
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OyTF . NHTF
QHTF,rel = = (e rel) (E.12)
aHTF,0
. MyTF
MYyTFrel = . (E.13)
HTF,0
Ims . nMs
AMS,rel = = (mMS,rel) (E.14)
aMs,0
. Tys
Mys,rel = (E.15)
MS,0

With equations E.12, E.15 and the mass flow correlation of the MS and the HTF mass flow

tys = f(Mytr) (E.16)

due to the energy balance of the HTX, the following functions for the relative heat transfer coefficients
can be calculated and used for the determination of the part load heat transfer of the storage HTX.
The given equation is valid for shell/tube HTX with baffle plates and is independent of the HTX rated
thermal power specifications. Default values for the heat transfer coefficients for the calculation of the
part load heat transfer are given in Table 4 within section E.2.7.

. 2 .
kel = by - (mHTF,rel) + by - Myrpre + bo (E.17)

In result of equations E.4 and E.10 the transferable power of the HTX can be calculated with the
following equation. It is necessary to solve the given equations in an iterative calculation (see Figure
E.5).

Q™S =kA - AT (E.18)

Considering heat losses of the HTX unit

For the calculation of the outlet enthalpies, it is important to distinguish between the charging and
discharging mode of the HTX. The specific enthalpies of the HTF and the MS side hp, yrF out and
hchMs,out respectively Agis nTr out @and Rgis ms,out Of the HTX can be calculated by the transferred heat
Outx, the thermal losses QHL_HTX of the HTX and the HTF mass flow myTE.

For charging:

A TES 0

b _ Q™ + QurHuTx

ch,HTF,out = chHTF,in — : (E.19)

Mch HTF
Q'TES
hch,MS,out = hch,MS,in + = (E.20)
Mch,Ms
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For discharging:

GTES
hgisHTF,0ut = RdisHTFin + 5—— (E.21)
Myis,HTF
STES |, A
b _n Q" ™ + QuLHTX
dis,MS,out = "dis,MS,in — : (E.22)
Mgis,MS

The heat loss Q'HL’HTX of the HTX is determined by the heat loss coefficient ay;, yrx, the rated thermal

TES
0

power of the storage HTX Q and the temperature difference between the mean temperature of

the HTX Tyhean urx @and the ambient temperature T, ..

QHL,HTX = AHLHTX QoEs - (Tmean,HTX - Tamb) (E.23)

The mean temperature of the HTX is calculated as the arithmetic average of the inlet and outlet
temperature of the MS. This is an appropriate approach, since the MS is on the shell side of the HTX
and determines mostly the temperature of the HTX enclosure.

Tvis,in + Tms,out
Tmean,HTX = = 2 = (E.24)

An adequate value for the heat loss coefficient ay;, yrx for two tank storage HTX is given in Table 2
within section E.2.7.

Numerical solution of the implicit HTX equations

With this equation the physical description of the heat exchanger is complete. However, the given
equations for the HTX cannot be solved analytically during a yield calculation. Figure E.5 shows a
simplified flow chart for the iterative calculation of the HTX.

For the determination of the MS mass flow, a MS is estimated. This mass flow should be located
within a reasonable range. At a next step the HTX is calculated with the given mass flows for the HTF
and the MS side of the HTX. Therefore a guess is done for the maximum transferable power of the
HTX. At a next step the logarithmic temperature difference of the HTX and the part load behavior of
the HTX are calculated. After the calculation of the new HTX power, the difference of between the
actual calculated power and the power of the last iteration step needs to be below numerical criteria.
With this calculated result, the outlet Temperature of the MS is calculated and compared with its set
point temperature. If the MS temperature deviation is below its numerical criteria, the calculation of
the HTX is finished. Otherwise the next iteration with a new MS mass flow is performed, like
described.
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Start calulation of Start calculation of
time step HTX
A 4 \4
Estimate MS Estimate max.
mass flow power HTX
4 Y
~ Calculate - Calculate log.
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HTX .
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Calculate new MS
mass flow
\ 4
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v \ 4
End Q“T:”‘c'r(ilt”;x'"'l ~¢—— Calculate power
yes
End

Figure E.5 Flow chart for the iterative calculation of a counterflow HTX with iterative determination of the MS

mass flow.

E.2.3. Storage tank model

The MS is stored in tanks of the TES system. Depending of the state of charge of the two tank storage,
the MS is kept in the hot or the cold storage tank. Each tank can store the complete MS inventory.

Each tank is described for the yield calculation by several equations:
1. Change of cold and hot tank inventory due to charging or discharging.
2. Change of cold and hot tank temperature based on an ideal mixing of the tank inventory.
3. Loss of thermal energy content by heat losses to the ambient.

Describing the charge and discharge process
The calculation for the MS mass flow of the storage tank model is based on the principle of energy

conservation
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TES hch,HTF,in - hch,HTF,out

MchMs = Meh HTF ° h _h (E.25)
ch,MS,out ch,MS,in
for charging mode and by
s — has .
. __ . TES dis,HTF,out dis,HTF,in
MgisMs = Mqis HTF ° (E.26)

hdis,MS,in - hdis,MS,out
for the discharging mode.

With the calculated mass flow on the MS side of the storage system for time step t, it is possible to
calculate the new MS storage tank inventory distribution between hot and cold tank for the next time
step.

For charging:
t — At .
Meankhot = Mtankhot T MchMS * At (E.27)

For discharging:
t — o t=At .
Meank,cold = Mtank hot T MdisMs * At (E.28)

Mass content in the storage tanks

For the design of the storage tanks, it is important to calculate the usable MS mass myg ¢ o Of the
two tank storage system. This value is defined by the rated capacity of the storage system COTES and
the rated enthalpy difference between the hot hy,,x hot o @nd the cold A,y co14,0 Storage tank. The
sensible and latent energy, contained in the MS below the rated cold tank temperature, is not
considered within this calculation.

C'SES

mys,use,0 = (E.29)

htank,hot,O - htank,cold,O

Due to the tank design it is not possible to use the entire MS mass of a storage tank. A small amount of
MS Mankmin F€MAINSs in the tank sump to cover the electric heating coils and the inlet of the MS
pumps. The introduced dimensionless value L,y i, for the minimum tank level depends on the final
tank layout and needs to be adjusted for an adequate calculation of the minimum tank mass. A default
value for Liank min IS given in Table 6 in section E.2.7. With the minimum tank level and the rated

usable MS mass myg y;se 0, the minimum MS mass My, min €an be calculated.

Miank,minhot — Ltank,min * My1S use,0 (E.30)
Miank,min,cold = Ltank,min " MMS,use,0 (E.31)
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The rated total MS mass my o inside the TES system is calculated by

mMS,O = mMS,use,O + mtank,min,hot + mtank,min,cold' (E-32)

Determination of storage tank heat losses
The heat loss Q'HL’tank of the storage tanks is calculated by the heat loss of the hot and the cold MS
tank.

QHL,tank = @HL tankhot T @HL tank cold (E.33)

The calculation of heat losses QHL_tank_hot and QHL_tank_cold based on the real geometry of storage
tanks is a complex task since details on the design are often not available or the calculation based on
this detailed design data is rather complex. For yield calculation it is appropriate to use a heat loss
coefficient ayy, tank that is related to the storage tank capacity. The rated storage capacity CJES at
rated conditions is also introduced into the equations for an adequate scaling effect of the heat losses
depending on the storage size.

] — TES

QHL,tank,hot = QHLtankhot ° CO ' (Ttank,hot - Tamb) (E-34)
] — TES

QHL,tank,cold = AHLtank,cold * CO ' (Ttank,cold - Tamb) (E-35)

The specific heat loss ayy, tank hot aNd Ayt tank cold liNk the effective heat loss of a tank to the total
storage capacity CJES and the actual temperature difference between the tank temperature Teank hot o
respectively Tiank colq,0 @nd the ambient temperature T, o-

The specific heat loss value can be derived from the tank heat loss QHL,tank,O at rated conditions and

the corresponding rated temperatures,

a _ QHL,tank,hot,O (E 36)
HL,tank,hot — .
amene CgES ’ (Ttank,hot,o - Tamb,O)
_ QHL,tank,cold,O
QHL,tank,cold = (E.37)

TES
CO ' (Ttank,cold,o - Tamb,O)

The following paragraph illustrates a way how to determine the tank heat loss QHL,tank,hot,O and
QHL,tank,cold,O at rated conditions. The cylindrical tank layout requires the calculation of four different
partial heat losses according to Figure E.6 for the roof, the dry wall for the air/nitrogen layer, the wet
wall for the MS layer and the bottom of the storage tank,

QHL,tank,O = Qtank,roof + Qtank,wall,dry + Qtank,wall,wet + Qtank,bottom (E-38)

The layout assumptions for the storage tanks used in this example are given in Table 1.
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Qtank,roof

Qtank,bottom

Figure E.6 Draft of a simplified cylindrical storage tank

with calculated heat losses.

Table 1 Tank design assumptions for calculation of

the heat losses of the storage tanks based on [Kelly

2006].
Tank | Tank
cold hot
Tank temperature °C 292 386
Ambient temperature °C 20 20
Roof/Wall:
Steel mm 6 6
Insulation mm 300 370
Bottom:
Steel mm 6 6
Bricks mm - 60
Foam glass mm 400 365
Isolation layer mm - 80
Concrete mm 610 610

Applying elementary thermodynamic heat conduction equations, the heat loss at rated conditions can

be calculated. If due to missing input data it is not possible to calculate the heat loss ayy, tank by this

approach, standard values from Table 2 within section E.2.7 can be used instead.

If there are measured or calculated heat loss values for the investigated CSP-system, which are more
realistic than the proposed standard heat loss coefficient ayy, tank, it is better to use them for the yield

calculation of the CSP plant.

Update of the tank temperature within a time step

With the tank heat losses, the MS mass flow and the temperature of the MS entering the tank, the

calculation of the new specific enthalpy h,nk hot and Aeank cold Of the MS tank inventory can be

written as
t —
htank,hot -
t—At t—At . A
mtank,hot : htank,hot + (mtank,hot,in : htank,hot,in - QHL,tank,hot) - At
t
mtank,hot
t —
htank,cold -
t—-At t—At
Mtank,cold h

t
mtank,cold

CSPBankability Project Report Draft for an Appendix E — Thermal Energy Storage
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tank,cold — (mtank,cold,in * Rtankcold,in T QHL,tank,cold) - At (E.40)

Page: 14



Please note, that a change of MS temperature in the tanks takes place in every time step (charge
mode, discharge mode, or stand-still) due to heat losses. However, the discharge mass flow does not
have an impact on the tank temperature since the fluid leaving the tank has the same temperature as
the one within the tank. The tank temperature® can be determined by the calculated tank specific
enthalpy by considering the material properties of MS in Appendix M. The given equations for the
energy balance of the tank model cannot be solved analytically during a yield calculation. Figure E.7
shows a simplified flow chart for the iterative calculation of the tank. It is necessary to estimate a
mean tank temperature for the actual time step. With this temperature it is possible to calculate the
heat losses and the energy balance of the tank. As a result of the energy balance a new mean tank
temperature is calculated and compared with the estimated mean temperature. If the deviation is
below numerical criteria, a new outlet enthalpy is calculated for the storage tank.

/étart calculatior;\
“\\ tank /‘

A 4

Estimate mean tank
temperature for >
time step

Calculation of heat »| Calculate tank
losses 7| energy balance

Calculate new tank | / \

outlet entalpy \ )

13mean’amean,new

no X
<crit?

Figure E.7 Flow chart of the iterative calculation of the storage tank model.

The specific tank outlet enthalpy of the MS for the current time step should be defined as arithmetic
mean value of the specific MS enthalpy at the end of the last time step and the MS enthalpy at the
end of the current time step in order to be consistent with energy contents,

t t-At
ht _ htank,hot + htank,hot (E 41)
tankhot,out — 2 :
t t—At
ht _ htank,cold + htank,cold (E 42)
tank,cold,out — 2 : :

>The temperature of MS can be also calculated by using the specific heat capacity of MS. It must be taken into
account that the specific heat capacity changes with increasing medium temperature. For that reason it would
be necessary to calculate the integral sensible energy.
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E.2.4. Auxiliary variables of storage system

Some auxiliary variables have to be calculated for decision process of the applied operation strategy.

Calculation of the state of charge
The state of charge fSTO}%S’t, calculated with equation E.3 within section E.1, is an indicator for the
energy content of the storage system. For the determination of the current fSTOECS't, it is necessary to

TES,t

determine the energy content C inside the storage tanks. The energy content of the two tank

storage can be calculated with equation E.2 within section E.1.

Limitation of mass flows

For the operation strategy of the CSP-plant, it is necessary to calculate a limiting mass flow mlTIEIS

of
the two tank storage. This value is calculated at the end of the iteration process of the actual time

step. Based on this mass flow, the storage mode can be determined for the next time step.

For charging:

mTES _ (mtank.cold - mtank,min,cold) ’ (hch,MS,out - hch,MS,in) (E.43)
lim,ch — .
At - (Renwrrin = hehpTr out)
For discharging:
. TES _ (mtank,hot - mtank,min,hot) : (hdis,MS,in - hdis,MS,out)
Mgjs lim = (E.44)

At - (hdis,HTF,out - h'dis,HTF,in)

E.2.5. Pressure loss in the HTX

Pressure losses in the HTF and MS part of the HTX need to be modeled appropriately in order to
calculate the electric consumption of the pumps. For the thermodynamic model of the HTX there is no
HTF or MS decomposition or leak flows considered. Additionally, accumulation of fluids is not possible.
For that reason the mass balance for the HTF and the MS side of the HTX can be written with the
following equations.

For charging:

. TES — .+ TES
Mch,out = Mchiin (E.45)
mch,MS,out = mch,MS,in (E.46)

For discharging:
. TES . TES

Mdis,out = Mdis,in (E.47)
Mdis,MS,out = Mdis,MS,in (E.48)
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The calculation of pressure losses for HTX is also based on a detailed geometry layout of the
exchanger. For that reason, in early stages of modeling a nominal pressure loss is calculated for the
shell and the tube side Apyrx yrre and Apyrx ms,o of the HTX.

For charging:

TES _ ..TES
Pchout = Pchin — APHTXHTF,0 (E.49)
PchMs,in = PchMs,out T APHTX MS,0 (E.50)

For discharging:

TES _ ,.TES
Pdis,out = Pdis;in — APHTX HTF,0 (E.51)
DPdis,MS,in = PdisMs,out T APuTX MS,0 (E.52)

If the HTX is operated with reduced mass flow, the pressure drop will decrease compared to the
estimated rated values Apyx yrr,0 and Apyrx ms,o- FOr this reason, it is necessary to correct the rated
pressure drop for the HTF and the MS side Apyrx yrr and Apyrx ms of the HTX with the following

equations.
. 2
MyTr
Apytx HTF = APHTXHTF,0 ° < - ) (E.53)
HTF,0
. 2
Mys
Aputxms = APuTx MS0 ° < 5 > (E.54)
MS,0

This approach assumes that there are constant material properties (e.g. density) for the HTF and the
MS side of the HTX. General default values for Apyx yrr,o and 4pyrx ms,o are given in Table 6 in

section E.2.7.

E.2.6. Auxiliary electric consumption

During the operation of a two tank storage, there is an auxiliary electric consumption of the TES
system. The main part of auxiliary electric is needed for the MS pumps Byymp- A smaller percentage is

needed for the power of the electric freeze protection system P,p at the bottom of the storage tanks.
Several minor electric consumers, for example the process control system, are not considered within
the TES model.

PaTJE):(S = Ppump + Par (E.55)
Par = Papnot T PaFcold (E.56)

The electric power of the MS pumps can be calculated by the MS mass flow 1yg, the efficiency of the
MS pumps Npump,the density of MS pyg and the pressure loss Apyrx ms of the HTX. The geodetic

pressure loss of such a HTX is negligible and has no crucial influence on the yield of the CSP plant.
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Mys
Poump = " APuTX MS (E.57)
Npump * PMS

The efficiency of the MS pump 7,ump, is determined by the isentropic efficiency 7pymp,isen and the
electrical efficiency of the pump motor Ny otor e1- This efficiency of the pump is due to a negligible
impact on the annual yield constant during any partial load operation of the pump.
npump = npump,isen * Nmotor,el (E-58)
The electric anti-freeze protection is only necessary if the temperature of the cold tank Ti;pk co1q OF
the temperature of the hot tank Tank ot is below the minimum temperature T,y min Of the used

MS. When the anti-freeze heating is activated, it has to compensate all heat losses of the tank, to keep
the tank inventory at the minimum MS temperature Ty, pi min-

Par = Paphot T PaFcold (E.59)
TES
AHL,tankhot * QO
PAF,hot = ' (Ttank,min - Tamb) (E.60)
NAF TES
AHL,tank,cold * QO
PAF,cold = AR ’ (Ttank,min - Tamb) (E.61)

In most cases the efficiency of the electric heating system is so high that it can be assumed nar = 1.
Normally the cold tank reaches first the minimum MS temperature. For this case it is possible to use
MS from the hot tank to heat up the cold MS. Only when the hot tank reaches its lower mass level, the
electric anti-freeze heating prevents freezing damage within the storage system.

E.2.7. Default values

With the given default values within this section, a yield calculation can be calculated. During the
project duration, more equipment is usually specified. In that case more realistic values can be used
for the calculation of the annual yield of the CSP power plant. It should be also noted that default
values are only valid for typical storage tank layouts with a minimum capacity of 1,000 MWh.
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Table 2 Heat loss coefficients for the calculation of heat losses of an indirect 2 tank storage

Reference value Default value Range Uncertainty unit
AyLHTX 9.80-1077 n.a. n.a. %
@, tank hot 4.07-1077 na. na. 1
Kh
QL tank cold 4.86-1077 n.a. n.a. 1
Kh

In [Effenberger 2009] the Nusselt coefficient is given for the HTF and the MS side.

Table 3 Nusselt coefficients for the calculation of the heat exchanger

Reference value Default value Range Uncertainty unit
NyTF 0.8 n.a. n.a. —
Nys 0.61 n.a. n.a. -

Table 4 Heat transfer coefficients for the calculation of the heat exchanger of an indirect 2 tank storage

Reference value Default value Range Uncertainty unit
b, —0.2732 n.a. n.a. -
S
b 1.1830 .a. a. —
1 n.a n.a ke
SZ
b, 0.0906 n.a. n.a. i
kg?
Table 5 Efficiencies of an indirect two tank storage
Reference value Default value Range Uncertainty unit
Naf 1 n.a. n.a. —
npump,isen 0.8 n.a. n.a. —
nmotor,el 0.85 n.a. n.a. -
Table 6 Geometric design values of an indirect two tank storage
Reference value Default value Range Uncertainty unit
L nin 5 n.a. n.a. %
APurxuTE 4.5 n.a. n.a. bar
Apyrxms 3.5 n.a. n.a. bar
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E.3.

Direct two tank molten salt storage system

If molten salt (MS) is used as the heat transfer fluid (HTF) within the solar field (SF), a direct thermal
energy (TES) storage system can be used. This means, that there no heat exchanger is necessary for

the heat exchange between the HTF and the storage medium.

For the yield calculation of a direct two tank MS TES a storage tank model is needed (see section E.3.2)

that correlates the incoming and outgoing fluid streams with the change in tank level. Also heat losses

affecting the temperature in the tank need to be considered in a tank model. Besides these

thermodynamic variables auxiliary variables (section E.3.3) and the auxiliary electric consumption

(section E.3.4) need to be considered.

E.3.1.

Schematic overview

In Figure E.8 a basic scheme for the direct storage sub-system is depicted. Compared to an indirect

storage with clear charging and discharging operation mode, a direct storage is charged and

discharged at the same time.

___________

Ttank,hot,in

mtank,hot,in

Ttank,hot

B ittt bl

(-7 3
¢ SF ¢
LR 1
(~TTTTT 3
$ PB ¢———
LR 1
TES TES
Tdisch,out Tdisch,in
. TES - TES
Myisch Myisch
Do e e e e e e (O e e D e e e e o <
Ttank,hot,out Ttank,cold,in
Mtank hot,out Mtank,cold,in

QHL,tank,hot

QHL,tank,cold

—

Figure E.8 Charging and discharging scheme of a two tank storage system

____________

Ttank,cold,out

mtank,cold,out

Ttank,cold

Myank,cold

____________________________________________________________________________________

\N———————————————————————————————————

If the SF is in operation, cold MS is pumped from the cold tank to the parabolic trough collectors or the

receiver at the top of a MS tower. The heated MS runs into the hot storage tank and is stored at a

higher temperature level than in the cold tank. For electricity production, the PB is fed with MS from

the hot tank storing the cooled MS in the cold tank. By this system behavior the SF and the PB are

completely separated during the normal operation.
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E.3.2. Storage tank model

The calculation of a direct TES is much easier than the calculation of an indirect TES within section E.2
since the impact of the heat exchanger does not need to be modeled. The calculation of the direct
storage tanks is nearly the same as for the indirect TES. For that reason the equations in section E.2.3
can be used for the modeling of an indirect TES system. The only exception is the paragraph
“Describing the charge and discharge process”, which is not necessary for the direct TES system.

E.3.3. Auxiliary variables of storage system

Some auxiliary variables have to be calculated to be available for consideration in the applied
operation strategy. The calculation of the current state of charge (SOC) is done by the general
equations for the TES system given within section E.1.

Limitation of mass flows

The limiting mass flow mlTIElS of the direct two tank storage is calculated by the mass of the cold MS
tank. If the cold storage tank reaches its minimum fluid level, the MS mass flow which runs the PB
limits the mass flow that could be heated in the SF. The maximum solar field mass flow acceptable by
the storage can be determined by the discharge mass flow to the power block and the remaining mass

of storage media in the cold tank,

. TES __ Mtank,cold ~tankmin,cold - TES
Miim = At + Myt out (E-62)

E.3.4. Auxiliary electric consumption

The calculation procedure for the auxiliary electric consumption of a direct TES system is similar to the
one described in section E.2.6 for the indirect systems.

E.3.5. Default values

With the given default values within this section, a yield calculation can be calculated. During the
project duration, more equipment is usually specified. In that case more realistic values can be used
for the calculation of the annual yield of the CSP power plant. It should be also noted that default
values are only valid for typical storage tank layouts with a minimum capacity of 1,000 MWh.
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Table 7 Heat loss coefficients for the calculation of heat losses of a direct two tank storage

Reference value Default value Range Uncertainty unit
Ay tank hot 1.3-1077 n.a. n.a. 1
Kh
QYL tank,cold 2.0-1077 n.a. n.a. i
Kh
Table 8 Geometric design values of a direct two tank storage
Reference value | Default value | Range | Uncertainty | unit
Lin 5 n.a. | n.a. | %
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E.4. Regenerator storage system

The most common storage concept for CSP-plants with air as heat transfer fluid (HTF) is the direct flow
regenerator storage system. This kind of thermal energy storage (TES) is often considered in concepts
for solar tower power plants with air as HTF for the extension of electric power production after
sunset. The schematic overview of the system is given by section E.4.1.

For the yield calculation of a regenerator storage system, a simplified model is needed, which is
described in section E.4.2 based on PhD-thesis of DreiRigacker [Dreissigacker 2014]. The normalization
of the equations is described in section E.4.3. In section Fehler! Verweisquelle konnte nicht gefunden
werden. the mathematical implementation in complex power plant simulation tools is shown.

E.4.1. Schematic overview

In Figure E.9 a basic scheme for the charging and discharging process of a regenerator storage system
is depicted. During charging, hot HTF is transferred from the solar field (SF) to the TES. Inside this
regenerator, the heat is transferred to the sensible storage material. In case of solar tower power
plant applications, refractory or ceramic material in stacked forms or packed beds — or in case of low
price options packed bed of natural stones — is used as storage material.

During discharge, the direction of flow is reversed and cold HTF from the power block (PB) is directed
to the regenerator. Within the TES, there is a heat transfer from the hot inventory to the cold HTF.

(T S

¢ SF ¢

Ve !

(T S

¢ PB ¢

Ve !

TES TES TES TES
Tch.in | ’ Tdisch,out Tdisch,in | ’ Tch,out
- TES - TES - TES - TES
Mep Mdisch Mdisch Mep
Pttt betl e et O e o ———— e ————— N
4 AY
’ |
1
i Ttank,hot,in Ttank,hot,out Q Ttank,cold,in Ttank,cold,out i
1 . . >
i mtank,hot,in Myank hot,out H[ftank Myank,cold,in Mtank,cold,out i
i i
: :
i i
1 1
= i
1
1 1
i i
= ; i
i Tinv !
1 1
A, Miny TES J
Figure E.9 Charging and discharging scheme of a regenerator storage system
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E.4.2. Storage model

In contrast to two tank molten salt storage, regenerator storage is a fully dynamic component, which
makes it necessary to calculate the time-related and local temperature distribution.

The partial differential equations for the description of the thermal behavior of a solid media storage
are directly based on heat balances over a discrete volume. In this case, the solid is not considered to
consist of a composition of individual independent bodies but as a continuous porous medium. The
balancing area extends over the inlet and outlet of the storage bed. In case of packed beds, the
modeling of the heat conduction via the point-shaped contacts of the individual particles in the bed
takes place via effective quantities in the axial and radial direction according to [Wakao 1982].
According to [Ismail 1999], the differential equations of the heat balance in cylinder coordinates for
the fluid (E.63) and solid phase (E.64) are:

oT oT o°T o°T. 10T
EPECr (#"' Wa_;j = Ae et OTZF + e et {87;4_?6_:} +a,a, (Ts -Te )_ Ky (TF _To) (E.63)
oT, o°T 0T, 14T
(l_ 3),03(33 a_ts = As et OTZS+ As v eft {OTZS—FF@_;} +aya, (TF —Ts ) (E.64)

Where pis the density, c is the specific heat capacity, 4 is the effective heat conduction in the axial
(z) and radial (r) directions, ay, is the heat transfer coefficient, k is the overall heat transfer coefficient
through the lateral surface of the storage, ay is the specific heating surface, a\, specific lateral surface
and w the fluid velocity in the bed. The void fraction ¢ is the fluid volume divided by the total volume

of the storage.

Within this set up it is assumed that the heat conduction resistance inside of the solid is negligible and
the heat transport between the fluid and the solid is determined only by the heat transfer coefficient.
Depending on the thickness and the thermal conductivity of the material, however, high heat transfer
resistances sometimes arise in the solid. In order to take into account this heat transfer in the storage
inventory itself and to develop a compact formulation of the heat balance equations, suitable
simplifications are made in the following on the differential equation (E.63) and (E.64).

In a first step, it is assumed that constant material values and adiabatic boundary conditions at the
walls exist. The latter assumption leads to the fact that in the case of a uniform inflow of the bed, no
thermal gradients transversal to the flow direction in the fluid occur. Based on this assumption the
two-dimensional heat balance equations can be converted into a one-dimensional form. In order to
take heat transfer inside the solid material into consideration, the thermal conductivity in the solid is
modelled in a simplified manner via an effective heat transfer coefficient k. [VDI 2010] which
comprises the heat transfer between wall and fluid and an additional impact of the heat transferred
inside the storage material. This heat transfer coefficient corresponds to a time average value as a
function of the charging or discharging duration, the heat transfer coefficient, the characteristic length
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and the material properties. Particularly in the case of storage material with high heat-conducting
resistance, it is necessary to take into account the effective heat transport in the storage body in this

manner. According to [VDI 2010] the adapted heat transfer coefficients are thus obtained by:
1 1 o

- = 4+ —
. a /15(/) (E.65)

Here, &, is the heat transfer coefficient between solid and fluid which is calculated according to [VDI
2010], ¢ is the thickness of the storage material, ﬂ,s is the heat conductance of the brick material,

and @is a form factor which is calculated from approximation functions of the Fourier heat conduction
equation [Hausen 1950] depending on the geometry, material values, and the duration of the charging
or discharging and can be found also in [VDI 2010].

Here the equations of pebble beds are exemplarily indicated. For spherical bodies with diameter d:

1.1 d
Ky 2457 (E.66)
2 2
0.1—0.00143d—, ifd—SZO
asr’  agr
— 2
Q= LWZ if:_>20 (E.67)
T
3+d— °
a,7

Where tis the charging or discharging time, and a is the thermal diffusivity. The heat transfer
coefficient a, is calculated here for packed beds according to [Gnielinski 1982].

In order to apply the concept of effective heat transfer coefficients, the heat transfer coefficient
used in Equations (E.63) and (E.64) is replaced by the effective heat transfer coefficient k.. For the
regenerators examined here, gaseous media are used as heat carriers and ceramic bodies are used as
storage materials. Both have low thermal conductivities, so that the influence of the axial heat
conduction can be neglected in the heat balance equations. In addition, due to the negligible
volumetric heat capacity compared to the solid, the storage term of the fluid is not taken into account.
The resulting one-dimensional heat balance is, according to [Schumann 1929]:

Fluid:
oT.
gpFCFWE = keff ay (TS _TF) (E.68)
Solid:
oT;
(1_8)/75(:5 ot = Kg 8y (TF _Ts) (E.69)
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E.4.3. Normalization of the equations

As a final step for simplifying the heat balances, the space z is normalized by the bed length L and the
time t by the charging or discharging period 7.

Spatial:
0z
on=-—
n L (E.70)
Temporal:
ot
0 =— (E.71)
T

Where 77is the normalized length and £is the normalized time.
With the assumptions and standardizations presented here, the heat balances of both phases can be
converted into a compact formulation.

Fluid:

% =A(Ty—T;), with A :% (E.72)
Solid:

% ~TI(T, - T,), with 1= —(1592 ?/V):CS (€73)

Viot means the total volume of the bed and M. the mass flow.

An advantage of this notation is the simple characterization of regenerators via only two
dimensionless parameters, the dimensionless regenerator length A and the dimensionless period
duration IT. Further information on this approach can be obtained e.g. by [Schmidt 1981].

To simplify the estimation of heat losses, the thermal losses across the lateral surface are taken into
account in analogy to the above procedure. With the simplifications and transformations presented
above, the following results for the fluid can be obtained:

aT, :
a_anA(TS ~T.)-¥(T. -T,), with ¥ = vy

KyawV

tot

(E.74)

Here, ¥Wis a dimensionless heat loss parameter.

By the extended heat balance, it is possible to take into account, in a simplified form, the thermal
losses in the storage dimensioning. However, the one-dimensional balancing carried out here leads to
an overestimation of the thermal losses since the radial heat transport is not included.
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E.4.4. Implementation

The differential equations presented in section E.4.2 and E.4.3 describe the transient
thermodynamical processes in a regenerator. The differential equations are implemented using
appropriate numerical discretization methods. Different discretization techniques, such as finite
difference method or finite element methods (FEM), are suitable for this purpose.

The numerical transformation of the thermal differential equations is performed by discretization
using differential methods. In the following, this is carried out for the thermal porosity model.

The coupled differential equations (E.71) and (E.72) describe the temperatures of the fluid 7; and the
solid 75 over the normalized location 77 and the normalized time £as a function of the dimensionless
parameters ITand A.

For the implementation, the coupled differential equations are discretized spatially with respect to 7
and temporally with respect to & In the first step, a local discretization takes place in N + 1 nodes (see
Figure E.10).

Location 77 0. A i tll
=1 :
i I D i
Node | | + | |
0 1 2 —(N-1) N N+1
Boundary conditions Q, Qg
Figure E.10 : Local discretization scheme of the thermal model
The element size Ar results from
1
An=— E.75
n N (E.75)

At the outflow of the TES, adiabatic boundary conditions and at the inflow constant inlet temperatures
of the fluid are specified. Due to the change of flow direction during charging and discharging, the
fluid-side boundary conditions are adapted to the current operating state. A constant starting
temperature is set as the starting condition during the first charging process. The temperature profile
at the end of the previous state is used as the starting temperature for subsequent change from
charging to discharge and vice versa. Table 9 summarizes boundary and starting conditions.
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Table 9 Starting and boundary conditions of the thermal model of a regenerator storage

Charging Discharging
aT,
Left boundary(£2) — =0 TF|,7:0 = Tt piscn
on |,
oT
Right boundary (£) TF|,7:l =Tren —- =0
on el
1% start condition Ts,F(UL:O =T,
Start condition while TS,F(UX o biseh :Ts,F(ﬂ)‘ Lo
change from sopie =
discharging to charging
and vice versa TS,F (ﬂgzo,Ch - TSlF(nng:l,Disch

The local discretization of the solid is carried out by means of central difference quotients and that of
the fluid via backward differential quotients in each case. This results in a differential-algebraic system
of equations for the fluid and the solid.

The temporal discretization with respect to £should be carried out using a commercial simulation
software (e.g. Matlab) via an internal solver e.g. according to Gear []. This is suitable for rigid
differential-algebraic equation systems and is based on difference quotients with an implicit
formulation of the resulting equation sets and variable increments.
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List of abbreviations

AF
CspP
HL
HTF
HTX
MS

PB

SF
SOC
TES
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Anti-freeze

Concentrated solar power
Heat loss

Heat transfer fluid

Heat exchanger

Molten salt

Power block

Solar field

State of charge

Thermal energy storage
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