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ABSTRACT

This paper identifies the key parameters to be optimized on a thermo-economic basis in a solar-ORC
to minimize the storage cost associated with it. These parameters are ORC working fluid, its operating
conditions and the heat transfer fluid used. A case study of a pebble bed thermal energy storage
system is carried out using two working fluids in a 100 kWe ORC namely, R-245fa and R-134a for a
wide range of expander inlet temperatures. Heat transfer fluids considered are ethylene glycol (for
temperatures < 180 °C), Therminol VP-1 and Glycerol (for temperatures > 180 °C). Effect of these
parameters is evaluated for the case scenario of suppressing the fluctuations in the ORC side arising
due to solar insolation calculated using ASHRAE clear sky model. For a given energy storage, HTF
temperature difference across the boiler and HTF mass required for storage and hence cost of PB-TES
system are reported to be inversely co-related. Higher expander inlet temperatures in case of R134a
ORC with Glycerol as an HTF are found to yield the lowest storage cost.

1. INTRODUCTION

Organic Rankine cycle (ORC) technology can be integrated with geothermal (Astolfi et al., 2014) or
process heat available from industry (Wei et al. 2007) or renewable energy source such as a
concentrated solar thermal system using parabolic trough collectors (Quoilin et al., 2011). In case
when ORCs are directly coupled with solar, issues arising due to fluctuating nature of solar insolation
are reported to adversely affect the ORC performance (Twomey et al., 2013). Thermal storage in this
regard can help in suppressing the fluctuations and also provide an option for power generation during
non-solar hours (Taljan et al. 2012). There exist a number of storage technologies which need to be
optimized for the minimum cost depending on the application. In such a study, Herrmann and
Kearney (2002) came up with a techno-economic analysis for the various existing storage
technologies and emphasized on the need of reducing the cost of storage media. One possible way to
reduce the cost of storage medium is to store partial amount of heat in the inexpensive rocks or
pebbles as suggested by Meier et al., 1991. The technology is analyzed in a great detail by a humber
of researchers (Hasnain et al. 1998; Mawire et al., 2009; Singh et al, 2010 and Zanganeh et al., 2012)
and simple modeling techniques are proposed. However, literature lacks the work on optimizing the
cost of storage in conjunction with the ORC.

This paper analyzes the effect of ORC working fluid and its operating conditions on the cost
associated with the pebble bed based thermal energy storage (PB-TES) tank designed to die out the
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fluctuations arising due to varying solar insolation. In this regard, a procedure is developed to
calculate the mass of HTF required in a PB-TES tank. HTF temperature difference across the boiler
and the mass of HTF stored in a PB-TES tank (hence the cost of the storage system) are observed to
be inversely co-related. This temperature difference in turn is found to be dependent on ORC working
fluid and its operating conditions. The same is illustrated in a great detail for the two different
working fluids in ORC namely, R245fa and R134a for different operating conditions in the power
block.

2. SOLAR-ORC DETAILS

Physical layout of the solar-ORC considered in this paper consists of two closed loops, a) heat transfer
fluid (HTF) and b) working fluid loop as shown in Fig. 1. In the HTF loop, cold HTF from a PB-TES
is pumped to a parabolic trough collector where it gets heated up and is then sent for the storage in a
PB-TES tank. Working fluid loop is a regenerative ORC where the expander exhaust heat is
recovered to heat up the pump outlet fluid. The two loops interact via a heat exchanger termed as an
HEX (boiler for the working fluid) in this paper where the HTF coming from a PB-TES tank is cooled
and working fluid in turn is heated up to the expander inlet temperature.

2.1 ORC details

Low pressure and low temperature liquid at state 1,; is pumped to higher pressures (state 2,). High

pressure fluid at this state is preheated in a regenerator from state 2, to 5, by recovering heat from

expander exhaust wherein the low pressure gas is cooled from state 4,; to 6, Remaining heat

addition from state 5,¢ to 3,,; occurs in a heater via a heat transfer fluid (HTF). Working fluid is then

further expanded in a scroll device till state 4. Regenerator outlet on low pressure side (state 6y) is

then cooled in an air cooled condenser till state 1, to complete the cycle. Ideally, the pumping and

expansion processes should be isentropic and heat transfer processes isobaric which in reality tend to

deviate. Modeling details for such an ORC could be found in (Garg et al., 2013) and for the sake of

completeness are repeated here.

i. Power generation is 100 kWe.

ii. Minimum cycle temperature (T,) is 45 °C.

iii. Pump efficiency is 90 %.

iv. Expander efficiency is 65 %.

v. Pinch temperature in the regenerator and the HEX is set at 10 °C and the flow arrangement is
counter flow type.
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Figure 1: Schematic of an ORC
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2.2 TES details

Heated HTF from solar field enters the PB-TES tank from the top where it loses heat to the pebbles
and the cold HTF around. The same amount of cold HTF leaves the tank from the bottom side and is
passed to the solar collectors to heat it up again. Control strategy followed in this loop is to regulate
HTF mass flow rate to achieve steady HTF temperatures (also equal to HTF maximum
temperature). In another loop, hot HTF from the PB-TES is passed on to the HEX (boiler for the
working fluid) where it supplies the heat to the working fluid in the power block. Storage sizing is
done in such a way that the fluctuations arising due to solar insolation are damped out, thus, ensuring
the steady HTF operating conditions and ORC operation at its designed conditions throughout the
day.

3. METHODOLOGY

To calculate the solar PB-TES costs associated with the ORC algorithm given in Fig. 2 is considered.
Firstly, the ORC for the given operating expander inlet temperature is designed for the best efficiency.

Solar insolation or DNI calculations are performed using ASHRAE clear sky model for which the
details can be found in Appendix A. TES is modeled in such a way that temperature drop across the
HTF in HEX and PB-TES are identical. In turn, these inlet and outlet temperatures of the PB-TES are
governed by the operating conditions on working fluid side in power block discussed in detail in
ahead.

3.1. Mass of storage media required

A bottom-up approach is followed to calculate the storage needs of a solar-ORC to damp the
fluctuations in the operating conditions in the power block. Firstly, HTF operating conditions across
the HEX i.e. HTF inlet and outlet temperature are calculated.

Calculation of HTF operating conditions in HEX

The procedure to calculate HTF operating conditions is based on pinch point analysis in the HEX. It
is observed that pinch point in the HEX occurs at the liquid saturation line of the working fluid as
shown in Fig. 4.

Trire pinch = Vot s T AT jinen 1)
Further, to minimize the HEX irreversibility (Garg et al., 2013),

Turein = Taut + AT ginen @)
Applying 1* law of thermodynamics to control volume across state 2,; and 3,

mHTFCp,HTF (THTF,in _THTF,pinch) =M, (h3WT -h, fur ) A3)

Having defined the thermodynamic properties on working fluid as well as HTF side, one can calculate
the product of mass flow rate and specific heat of HTF

mvvf (hswf - hz for )
(THTF,in - THTF,pinch) (4)

Once the above product is known , application of 1% law to the HEX can be applied to calculate the
THTF,in

MyyreCp e =

mHTFCp,HTF (THTF,in — T ,out) = onwer—block (5)
Simplifying the above equation for Tyre out
T =T _ onwer—block
HTF,out — "HTF,in . (6)
MyyreCo e
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where, heat required in the power block is
. p
onwer—block = (7)

ORC
For the transcritical cycle above mention procedure is modified to calculate Tyre oyt

Temperature

Fraction of heat transfer

Figure 2. Temperature profiles of HTF and working fluid in a typical HEX.

PB-TES design

Let Ay be the area of solar field required to generate power output (P) for the full solar-day
duration. Then, heat available from the collector whose efficiency is 7coiiector IS

Qcollector = eanector PNy Asolar (8)
On a given day variation of Q_,..., (derived using ASHRAE clear sky model with a cloud factor) with
time is presented in Figure 3 along with onwe,,b,ock which is steady in nature. Solar field area is
designed in such a way that area under both the curves is identical. Mathematically,

area(ABCD) = area(AGHD) 9
or
. tyn -
onwer—blockAth = J‘lm Qcollectordth (10)
Qcollector
G B C H

onwer—block

A E E D
ti ton [T T
Aty Aty 5 Atyg

Aty

Figure 2: A standard DNI curve taken with constant output power

It can be noted that heat available from the collector exceeds that of required in the power block in the
hours between t,, to t3, and can be stored in the PB-TES. The stored heat can then later be used in the
hours between ty, to t,, and ts, to t4, when the heat available from the collector is not enough to run the
power block. It can be appreciated that heat stored in the surplus hours should be equal to energy used
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in the deficit hours for the steady operation of power block. Energy that needs to be stored in the PB-
TES is thus given as

AE,; = area(arc(BC)) —area(BCFE) (12)
Or
tay - .

AEPB—TES = LG Qcollector dth - onwer—block At3h (12)

Further, this energy is stored in pebbles as well as HTF
ABpg res = AByre + Ay, (13)

where,

AE, =M HTF Cpyare ATire (14)
AEpge =M PebbleC oy AT e (15)

Further, condition of local thermal equilibrium is assumed to be valid in the PB-TES which makes the
temperature of HTF and pebble equal. Break up of AE,, .. is given by Eq. 10 in the form of the

porosity (@="Vure/Vroea) in the tank.

AEpg 1es = (@Pu1eCy,.. + (L= ) PrenieCp o Wroar AT vire (16)

Knowing the value of ATure and thermo-physical properties of the storage media, V;,, can be
calculated. Egs. (7), (10) and (4) are simplified to obtain Myrr

M _ AE PB-TES
HTE — AT
P e HTF

Above equation establishes an inverse relationship between Myrr and ATyre indicating the storage
cost to be a strong function of working fluid in ORC and its operating conditions.

CpPebee
M Pebble c (17)

PHte

3.2. Storage Media properties

Pebble type considered here is fused silica with density of 2200 kg/m® and specific heat of 740 J/kgK.
Three different HTFs are considered, namely Ethylene Glycol, Therminol VP1 and Glycerol. For
HTF operating temperatures lower than 180 °C, Ethylene Glycol is considered otherwise Therminol
VP1 and Glycerol. Though, thermo-physical properties of HTFs are assumed to be the function of
temperature as given in the Appendix B along with the cost functions, for the given operating
conditions of HTF, thermo-physical properties are taken to be the average of those at inlet and outlet
temperatures of HTF across HEX.

3.2.1 Assumptions:
i. Pinch temperature in the HEX is 10 °C.
ii. Porosity is taken as 0.45.

iii. While the minimum cycle temperature is fixed at 45 °C, the maximum cycle temperature is
considered to be variable.

iv. In case when cycle efficiency becomes asymptote to the pressure ratio at a given expander inlet
temperature, to avoid unnecessary high pressure ratio without having a substantial gain in efficiency,
the optimum efficiency is chosen corresponding to a pressure ratio where

oml - _0.005 (18)
opr

4. RESULTS AND DISCUSSIONS
The storage model developed above is generic in nature and can be applied to any working fluid.

However, the present paper considers R245fa and R134a to perform a detailed comparison in terms of
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the storage cost. Storage cost for the rest of the working fluids is found to be somewhere between the
cost of these two fluids and hence not presented. ORCs are designed in such a way that they operate at
maximum efficiencies at the given expander inlet temperature. In this regard, the optimum pressure
ratios in the cycle are plotted in Figure 3. It also shows the variation of optimum efficiency
corresponding to pressure ratios with the expander inlet temperature for both the working fluids. In
case of R245fa, optimum pressure ratio continues to increase with expander inlet temperature whereas
in R134a the limit of 60 bar imposed on the high side pressure of the cycle is achieved and hence
constant pressure ratios are observed for the temperatures beyond 200°C. Also, the property data
available in Refprop (Lemmon et al.) for R134a restricts its use in the ORC to 220 °C in comparison
to 260 °C as observed in case of R245fa.

It can also be noticed that beyond ~ 140 °C, ORC efficiency increases almost linearly with expander
temperature. Also, cycle efficiency is slightly lower (about 2-3 %) for R134a than R245fa under
identical operating conditions which might result in higher storage needs as shown in Figure 4.
Further, the storage requirements come down with expander inlet temperature because of higher cycle

efficiencies.
12 20
10 f 17 F
8 }
s uI
5 6 S
= < ut}
4
8 }
2 5
0 2 . 5
100 150 200 250 100 150 200 250
T3 (°C) T, (°C)

Figure 3: Variation of optimum pressure ratio and optimum efficiency in the ORCs with R245fa and R134a
against the expander inlet temperature. Legend: o R245fa, o R134a
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Figure 4: Thermal energy to be stored in PB-TES and HTF temperature difference across the HEX for ORCs
with R245fa and R134a against the expander inlet temperature. Legend: o R245fa, o R134a

Another important parameter which has a strong effect on storage namely temperature difference
across HTF in the HEX (also across the PB-TES) is also plotted in Figure 4 for the corresponding
operating conditions mentioned in the above figures. It is observed that ATyrr increases with expander
inlet temperature thought the trend is found to be non-linear. The increase in ATy With temperature
can be explained on the basis of the fact that with increase in expander inlet temperature, optimum
pressure ratio increases which lowers the amount of latent heat involved in the HEX. In an ideal
counter flow HEX, where there is no change in the ratio of specific heats of the two fluids (HTF and
working fluid) with respect to the heat transferred in it, the temperature profiles of the both fluids tend
to remain parallel and the maximum temperature difference would be observed across HTF. This
situation is generally realized in Brayton cycles (Garg et al., 2014) where irreversibility generation is
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also found to be lower. Further, lower latent heat or no phase change involved in case of R134a in
reference to R245fa makes ATy higher for the former which could potentially reduce the storage
cost.

Having known the ATy and 4EPB-TES, the cost associated with the PB-TES can be calculated
which is plotted in Figure 5. Notable observations are as follows:

i. Storage cost as expected is a strong function of HTF type. Glycerol results in the lowest storage
costs because of its lower cost per unit mass.

ii. For the given HTF, the storage cost keeps coming down with the expander inlet temperature
because of higher cycle efficiency and higher ATt

iii. Lowest storage cost is observed for R245fa at the expander inlet temperature 250 °C with Glycerol
as an HTF.
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Figure 5: Variation of cost of PB-TES and cost of storage per unit of energy stored in the ORCs with R245fa
and R134a against the expander inlet temperature. Legend: o R245fa, o R134a, Ethylene Glycol, —-
— -— Glycerol, ———— Therminol VPL1.

Further, the most sought after parameter in storage which is the storage cost per unit of thermal
energy stored is also plotted in Figure 5. At any given expander inlet temperature, R134a shows the
minimum cost per unit of energy stored in the PB-TES.

5. CONCLUSION

Paper analyzes the cost associated with the pebble bed based thermal energy storage system for the
ORCs. A number of parameters are identified which can significantly affect the storage cost for
example, HTF type, working fluid type and operating conditions in the ORC. A case study performed
on the storage details for R134a and R245fa as working fluids in the ORC predicts the lower cost of
storage for the formed in absolute terms as well as on the parameter of cost per unit of energy stored
in. The lowest cost per unit of energy is found to be ~14 $/kWhy, which includes the cost of the HTF,
pebbles and the tank. Further, this study can be extended to a number of working fluids in the ORC
and various other HTFs possible with different operating temperature ranges to find the minimum
storage cost.
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Appendix A
The following model is used to calculate the DNI for a given location and at any time tfor which a
number of concerned terms are defined for the sake of completeness.

i. Hour angle, o
@ =(t-12)15° (A1)
ii. Declination angle, 0
6 =23.45sin (@(284 + n)j (A2)
365
iii. Solar altitude angle, g
sin f=cosl.cosw.cosd +sinl.sino (A.3)

iv. Solar azimuth angle, ¢
sind.cosl —cosd.sinl.cosw

CoS¢p = A4
¢ cos (A4)

v. Wall solar azimuth, ¥
=4 (A5)

vi. Angle of incidence, &
C0S@ =cos S.cosy.Sina +Sin B.cosa (A.6)

vii. Normal direct irradiation, G,
A

exn| B
P sin g

Where C, clearness number and constants A and B are are referred from the data provided in the
ASHRAE clear sky model handbook.
viii. Direct insolation available on the horizontal surface, DNI,, i.e. without axis tracking

G = Cy (A7)

DNI,, =G,,.max(cosé,0) (A.8)
ix. Direct insolation available in the direction normal to sun, DNI, i.e. with single axis tracking
pni, = DNl (A9)
Cos®
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Above equation is used to calculate the direct insolation available on the parabolic trough for a
clearness coefficient of 0.6.

DNI profile at 23.5,80 on the day of March 21
600

500 f

DNI in w/m2

4 fli f; 1l0 1l2 1l4 1l6 18 20
Time of day in hours
Figure A.1: The above figure shows the DNI profile Sinora, India (23.5, 80), on the day of vernal equinox.
Represents DNI without axis tracking and = = = = = - represents DNI with single axis tracking.

Appendix B
Therminol VP-1
Copre =1498+24.14 %107 T, 1 oy +59.9x10°T ] L —29.879x10°°T 3, +44.172%10°Tyi 1

p.HTF
Pure =1083.25-90.797 x107° T, avg T 7-8116x 10772, P 2.36710°T.% . g
cost,r =2 $/kg
Ethylene Glycol
C, e = 2279.98862 +4981.34 X10_3THTF,avg
Pure =1106.2+132.5x107°T, 1 .0 —8.7x107° T | —0.02x107° T3 .0

cost,,;- =6 $/kg

Glycerol
Co e = 2274.87 +470.71x107°T, 1 o

p,HTF

Prre =1277—65.4x107T, ¢ 0o
cost,,.- =1.5 $/kg

cost,,, =130V, +1140

NOMENCLATURE
I Latitude ©
® Hour angle ©
n Day number O]
0 Declination ©
B Solar altitude angle ©
7 Solar azimuth angle ©
y Surface solar azimuth angle ©
0 Angle of incidence ©
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Subscript

h

HTF
Pebbles
PB-TES
power-block
collector
Total

wf

Abbreviations
TES

HTF

DNI

PB-TES

ORC

HEX

Tilt angle ©)
Apparent solar irradiation at air mass

equal to zero (W/m?)
Atmospheric extinction coefficient )
Clearness number )
Temperature (K)
Mass (kg)
Energy )
Volume (m’)
Avrea of collector field (m?)
Power (W)
Output power (W)
Time (Hours)
Specific heat (I/kgK)
Efficiency )
Density (kg/m?)
Mass flow rate (kg/s)
Porosity )

hour

heat transfer fluid

pebble

pebble bed thermal energy storage

power block

collector

total tank

working fluid

thermal energy storage

heat transfer fluid

direct normal insolation
pebble-bed thermal energy storage
organic Rankine cycle

heat exchanger
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