12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

THERMO-ECONOMIC AND ENVIRONMENTAL ASSESSMENT OF A
HYBRID SOLAR POWER PLANT WITH A PACKED-BED THERMAL
STORAGE AND A SUPERCRITICAL ORC POWER BLOCK

Mabrouk M.T.*, Kheiri A. and Feidt M.
* Author for correspondence
Laboratoire d’Energétique et de Mécanique Théorique et Appliquée,
Université de Lorraine,
Vandoeuvre-les-Nancy 54500,
France,
E-mail: mohamed-tahar.mabrouk@univ-lorraine.fr

ABSTRACT

In this paper, an optimization-oriented model of a hybrid
solar power plant is proposed. The facility is composed of a
parabolic trough solar field, a packed bed thermal storage,
a fired heater and a supercritical ORC power block.

In a first step, all the components of the power plant
are sized. In a second step, its operation is simulated over
a typical year using irradiance data as input which allows
to assess the Levelized Cost of Electricity (LCOE) and the
amount of CO2 emitted per kWh produced.

A new analytical model developed by the authors is used
to simulate the operation of the heat storage and permits to
reduce considerably the computation time. Therefore, the
model is suitable to be integrated in stochastic optimization
algorithms.

Finally, the effects of the solar field size and the storage
tank on the LCOE and CO4 emission are investigated and
it has been found that the shape factor of the packed bed
storage (the ratio between the hight and the diameter) is
a very important parameter that affects the impact of the
storage integration on the LCOE and COs emission levels.

INTRODUCTION

The intermittent availability of renewable energy is the
most important issue that hampers their development. This
is the case for wind and solar power. Thermal Energy Stor-
age (TES) is one of the solutions that allow to offset the
mismatch between solar energy availability and electricity
demand. However, this solution does not permit, alone, a
continuous operation of the power plant with competitive
costs. Hence, using a fired heater in addition to the TES
is a solution to achieve a complete availability of the power
plant with a lower cost of the produced electric kWh and
with less COg emissions than power stations fully driven by
fossil-fuel.

The hybrid solar power plant considered in this paper
is represented in Fig. 1. The solar field is composed of
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NOMENCLATURE
A m?2] Area
Bi -] Biot number
c -] Mass fraction
C 3] Cost
crf -] Capital recovery factor
D m)] Diameter
E J] Energy
Gpn [W/m?] Direct Normal irradiance (DNI)
H m] Height
Ky, -] Incidence angle modifier
L, m] Aperture length
D m)| Rows spacing
Pe -] Peclet number
St -] Stanton number
T K] Temperature
v m/s] Fluid Velocity
We m]| Aperture width

Special characters
Non dimensional temperature

[

0; |-] Incidence angle

€ [-]  Void fraction

7 [-] Non dimensional time

¢ [] Non dimensional spatial coordinate
Subscripts

amb  Ambient

cs Cold sink

eff  Effective value

gen Generator

h High

hs Hot source

in Inlet

mot  Pump motor

out Outlet

ref Reference

s Storage

th Thermal

many rows of Parabolic Trough Collectors (PTC) which is
the most mature and cost-effective technology used in ther-
modynamic solar generation [1,2].

The thermocline storage system considered in this paper
is a vertical tank filled with a heat transfer fluid (HTF) and
a solid and porous filler material. During the heat charging
process, the hot fluid enters from the top of the tank when
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colder fluid exits from the bottom, and conversely, during
the heat discharging process, the cold fluid enters from the
bottom when warmer fluid exits from the top. The tank has
two fluid distributors placed at the top and the bottom to
ensures a uniform flow of the fluid over the sectional area.

The Supercritical Organic Rankine Cycle technology
(SORC) is considered as a power block alternative. This
technology has gained, recently, more attention due to its
increased theoretical efficiency. An ORC is called supercrit-
ical if the pressure of the working fluid surpass its critical
pressure during the cycle and the main advantage of this
over the subcritical cycle is a better match between the
cooling curve of the heat source and the heating curve of
the working fluid leading to less entropy generation.

The algorithm developed here size all the components of
the power plant and, then, simulate the dynamic behav-
ior of the solar power plant over a number of days of the
year, which is determined by a sensitivity analysis in order
to reduce the approximation error. The Levelized Cost of
Electricity (LCOE) and the mass of COg emitted per kWh
produced are then calculated and the effect of the integra-
tion of the solar field and the heat storage on those criteria
are discussed.
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Figure 1: Scheme of the power plant considered in this

study

1 Energy management strategy

The hybrid solar power plant is designed to be connected
to the grid and to deliver a continuous and constant electric
power with a complete reliability. The SORC power block
is powered by the HTF wich enters the high pressure HEX
at the hot temperature T}, ;,, and leaves it at the cold tem-
perature T} oyt imposed by the pinch temperature Pinchy,
in the HEX.

During sunshine hours, the HTF mass flow rate is regu-
lated in order to keep its temperature at the outlet of the
solar field constant and equal to T}, ;,,. This permit a good
stratification of the temperature in the heat storage. For a
hybrid operation, the energy management strategy which is
schematized in Fig. 2 obeys to the following rules :

e If the mass flow rate leaving the solar field is higher
than the mass flow rate required for the operation of the
ORC, the Rankine cycle takes the energy directly from
the solar field and the excess is stored in the storage
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tank if it is not entirely "filled”.

e If however , the outflow of the solar field is insufficient
to supply the power block, it is completed with hot fluid
from the storage tank if it is not "empty”.

e Otherwise, the hot fluid leaving the solar field is stored
and the ORC is fed by the fired heater.

During the charging process the HTF enters from the top
of the storage tank at the hot temperature T}, 4, and exit
from the bottom at the cold temperature T}, o,¢ and the
thermocline zone starts to move to the bottom of the tank
and when it reaches it, the temperature of the HTF leaving
the storage begins to rise. The storage is considered to be
entirely filled if the temperature increases by a small fixed
amount (eg. 10 °C).

Conversely, during the discharging process, the thermo-
cline zone moves from the bottom to the top and when it
reaches the upper exit of the tank the temperature of the
discharged fluid begins to decrease. The storage is consid-
ered to be entirely empty if the decrease reaches also a small
fixed amount.

Knowing this strategy, one can calculate the mass flow
rate of the fluid in the storage during each charging or dis-
charging process.

filled W stored
B ORCdirect feed |
M discharged

<> Working on
fired heater

oRCin

Solar field mass flow rate [kg/s]

0 10
Time [hour]
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Figure 2: Energy management strategy

2 Solar field model
2.1 Single axis tracking system

A parabolic solar trough system consists of a parabolic
reflective surface and an absorber protected by a glass
cover. The absorber tube is placed at the focal point of
the parabolic surface such that rays reflected by the collec-
tor reaches the receiver. A single axis tracking is widely
used in solar fields using the Parabolic Trough technology.
Therefore, sun rays are not always normal to the aperture
plane and their angle with the normal of the aperture plane
is known as "incident angle” and denoted by 6;. The in-
cident angle is a function of the geographic latitude and
longitude, the number of the day, the day time and the ori-
entation of the aperture plane and the tracking axis. The
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procedure for calculating this angle is widely discussed in
the literature [3] and will not be reported here.

2.2 Optical efficiency

The optical efficiency of the collector is defined as the
ratio of the energy that reaches the absorber to the energy
incident in the collector’s aperture. This efficiency is given
by:

No(0:)=Kp, r cos(b;) (1)
Ky, is the incidence angle modifier, without the cosine ef-
fect, which is approximated by:

Ko, =1+b10;+b267 (2)
k is the geometric factor measures the effective reduction
of the aperture area of the collector due to shading effect
which is a blockage of sun rays caused by the neighboring
collectors row that causes a reduction of the reflective area.
The fraction of the shaded area was considered to be one-
dimensional and is calculated by [4]:

fos=max (1—]?010;@,0>

a

3)

where W, and L, are respectively the width and the length
of the collector’s aperture, p is the distance between the
rows of collectors also called "pitch” and 3 is the tracking
angle. The geometric factor is then defined by:

"i:]-_fbs (4)
2.3 Thermal model of the collector

Thermal losses modeling of the receiver is quite discussed
in the literature [5,6]. The thermal resistance model used
here is detailed in [7]. It allows to calculate the local ther-
mal efficiency which depends on many variables : the solar
irradiance that reaches the receiver per unit of length, the
local fluid temperature, the ambient temperature and the
velocity of the fluid in the absorber. A correlation of the
local efficiency was developed by the authors based on the
thermal model [8]. It is written :

Nt =b1+b2 (Tt —Tamp)+b3(Ts—Tamp)? (5)
b1, ba and b3 are constants function of the DNI and the fluid
velocity. A multiple polynomial regression is developed for
each constant :

N
biz Z cjkvj Q/k

7,k=0

(6)
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where i=1,2,3 and Q’:nonana is the solar irradiance that
reaches the receiver per unit of length.

2.4 HTF mass flow rate in the solar field

Since the mass flow rate of the HTF in the solar field is
regulated in order to keep a constant temperature at the
outlet of the solar field, the mass flow rate 1,0y in a row of
collectors is calculated using the energy balance equation :

Trow,o'u,t C T
mrow/ Pf( )dT:non,nWaLa (7)

nen(T)

Trow,in

As seen in eq. (6), the thermal efficiency depends on the
flow velocity of the HTF which is unknown. Therefore, an
iterative procedure is performed to calculate the mass flow
rate. In fact, an initial guess of the flow velocity allows to
calculate the mass flow rate and then corrected in the next
iteration. Convergence is reached after a few iterations.

3 Thermal storage model

Considering uniform fluid velocity, uniform and isotropic
filler material, incompressible fluid, adiabatic walls and con-
stant material properties, the problem can be modeled by
a 1D two phases model considering two volume-averaged
energy equations respectively for the fluid and the solid
filler [9]. These equations can be written in a non dimen-
sional form as follows:

a0 o0 520

Vs afﬂfpe Cf—ﬁf 8<2f+Bz(es—9f) (8a)
a .

—ﬁs 8(2 —Bz(@s—ef) (8b)

The scalings applied to the obtain eqs (8a) and (8b) are:

_T_Tref _ 1 _z
0_ Tscate ’ T= St and C_L

Tscale are respectively a reference and a scaling constant
temperatures selected depending on the application.

The subscript ef f refers to the effective” value of an
intrinsic property, e.g. thermal conductivity. Let ® be an
intrinsic property, its effective value is defined as: ®.rr=
E(I)f-i-(l—s)q)s.

The following non-dimensional numbers are used in eqs
(8a) and (8b):

where St:aL—jf and 1.y and

_ ey | _(-9eCy)s g _ ks
(Cp)ess’ WCplers 270 keyy
~ (1—e)ks hL? ~vS;

/BS* keff ) 7keff’ Pe= I

Eqgs (8a) and (8b) are usually solved numerically as in [10—-
12]. In this case, using a high number of nodes is necessary
to avoid numerical diffusion [13].
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To tackle this problem, the authors have developed a new
model [14]. This model is based on the one phase simplifica-
tion proposed initially by [15] which uses the perturbation
theory. In this approach, the solid temperature is consid-
ered as a perturbation of the fluid temperature, 6,=0;+50
with 66 small enough.

Thus, eqs (8a) and (8b) can be replaced by only one
equation describing the fluid temperature [15]:

90 90y
or T1PeGe=

(vsvyPe)? ) 020y

5 )%z

9)

Eq (9) is then solved using a Generalized Integral Trans-
forms Technique (GITT) as described in [14]. This new
model gives us an analytical solution of the temperature
profile at any time and without time stepping when the
temperature of the HTF at the entry of the storage is con-
stant and its mass flow rate is time dependent which is
the case here. This analytical solution is very useful be-
cause a dichotomic search algorithm allows to determine
the charge/discharge durations with a few iterations.

4 Organic Rankine Cycle model
4.1 Thermodynamic model of the ORC

The T-s diagram of the supercritical ORC cycle is pre-
sented in Fig. 3. The enthalpies of the different points in the
diagram can be determined knowing the isentropic eficien-
cies of the pump and the expander and using the software
REFPROP [16,17]:

T(°C)

s(kJ.kg LK)

Figure 3: T-s diagram od the supercritical ORC cycle

The required working fluid mass flow rate m,; to pro-
duce an electrical power Pogrc is calculated by :

Porc

:ngen(h3_h4)_(h2—h1)/nmot (10)

My f

4.2 Optimal design of the heat exchangers

The shell-and-tube heat configuration is used for both
high and low pressure heat exchangers. Seven geometric
parameters must be fixed to size the heat exchangers : the
number of the tubes (IV¢), number of baffles (N), number
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of tube passes (N}), number of shell passes (NY), the in-
ner diameter of the tubes (D;), the spacing between tubes
(¢), and the spacing between baffles (B). The tubes length
is calculated in each HEX using the DTLM method. This
allows also to calculate the pressure drop in the heat ex-
changer.

In order to find an optimal sizing of the heat exchanger,
its yearly cost is minimized and an optimal set of geometric
parameters is found. A nonlinear mixed integer optimiza-
tion algorithm called NOMAD [18] is used to perform this
optimization.

5 Fired heater
5.1 The burner model

Assuming an adiabatic and complete combustion and a
negligible mass of water in the fuel the combustion reaction
is given by :

CoHy(2+4) 022 COz+ 2 Ho0 (11)

The mass fraction of COq in flue gases is given by [19]:

fg _% fuel

™M fuel
€co, =719 CC

M fuel (12)
1+mfuel

céuel is the mass fraction of the carbon in the fuel and

M fyel is the following ratio :

mfuel

M fyel+Mair
5.2 Energy balance of the fired heater
The energy balance of the fired heater is :
Qcomb+QaiT+quel:Qsetting+Qfluid+Qfg (14)

Qcombs Qairs quel and Qfg are respectively the com-
bustion energy, the air and fuel enthalpy at the entrance of

the burner and the enthalpy of the flue gases at the stack.
Equation (14) allows to calculate the mass flow rate of
the fuel consumed by the fired heater in operation :

M puet=1rCps (Tt out—T},in)/© (15)
with
92(1_04)LHVfuel+Cpfuel (Tfuel_Tref)
+(1+E)Scpair (Tair_Tref)
—(14+(1+E)S)Cpsg(Trg—Tref) (16)
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LHVjye is the lower heating value of the fuel, « is the frac-
tion of the setting losses, T.qy is a reference temperature, I/
is the air excess factor and S is the fuel-air stoichiometric
ratio.

6 Criteria evaluation methodology

The methodology adopted in this paper to evaluate the
economic and environmental criteria is presented in Fig. 4.
The duration of the fired heater operation tf;..q is calcu-
lated, in accordance with the energy management strategy,
after the simulation of the solar block (solar field 4+ heat
storage). The annual fuel consumption and COsz emission
are then calculated using the fired heater model detailed in
section 5. The economic criterion is calculated using the
following equation :

Crf-Cin'U +Co&m +Cfuel
E

LCOE= (17)

Where Cj,,, is the total capital cost, C,gm is the yearly
operation and maintenance cost, Crye; the fuel cost, E; is
the annual electrical energy produced and crf is the capital
recovery factor. Capital cost correlations used to evaluate
the LCOE can be found in the literature [20]. Each correla-
tion was updated to take into account the currency change
and inflation.
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Figure 4: Algorithm for the criteria assessment

7 Results and discussion
7.1 Effect of the number of simulated days on the
accuracy of the results
In this section, a 100 MW hybrid power plant is consid-
ered as a case study and toluene is chosen as working fluid
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for the ORC power block. Since the number of simulated
days affects directly the computation time, three simula-
tions were performed. In the first case a whole year was
simulated. In the second, only 73 days per year regularly
spaced were simulated and only 36 days were simulated in
the third case. The annual operating duration of the power
plant on each mode (on fired heater, on solar field and on
fired heater) were calculated for the two latter cases by a
linear extrapolation. Results are shown in Fig. 5 and show
that the deviation is very small and that there is no need
to simulate a whole year to obtain accurate results.
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Figure 5: Influence of the number of simulated days on the
calculated durations

7.2 Effect of the solar field integration on the eco-
nomic and environmental criteria

The Algorithm detailed in Fig.4 was used to calculate the
LCOE and the yearly COg emission of a 100 MW hybrid
power plant. When the number of collector rows is constant,
the effect of their length on these the economic and the
environmental criteria is shown in Fig. 6. It can be seen,
in this case, that the CO2 emission converge towards an
asymptote at around 0.58 kg/kWh. In fact, this asymptote
is caused by the fixed size of the storage tank and it is
useless to increase the size of the solar field if the storage
tank is too small to store all the collected energy.

7.3 Effect of the storage tank integration on the
economic and environmental criteria

In Fig. 7, the LCOE and the CO2 emission are plotted
against the storage hight for different base diameters. This
figure shows that, for the same size of solar field, The COq
emission reduction is highly dependent to the diameter of
the tank. For example, it can be seen that for Dg=10m CO4
emission and LCOE converge towards asymptotes respec-
tively at 0.82 kg/kWh and 0.18 $/kWh. For Ds=35m COq
and LCOE can be reduced in best cases to 0.61 kg/kWh
and 0.163 $/kWh and for D;=50m these to criteria cannot
be reduced to less than 0.62 kg/kWh and 0.166 $/kWh. Ob-
viously, there is an optimal diameters that allow maximal
reductions of CO5 emission and LCOE. In fact, if the di-
ameter of the tank is small, the flow velocity of the HTF is
high and the advection phenomena in the tank is important.
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Figure 6: LCOE and CO4 emission vs Collector row
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In this case, the thermocline zone displacement is fast. On
the contrary, if the diameter of the tank is very big, the
axial conduction is bigger causing the enlargement of the
thermocline zone. In both cases, the effective capacity of
the storage tank is reduced.

e
gé D, =10m
Q== D, =15m
A =
DS=20m
———D =25m
2 2.5 3 , =30m
- Ds=35m
Q
- =40 m
s
g s=45m
@ =
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Figure 7: LCOE and CO2 emission vs storage hight ;
Ly 6y=500 m, Ny;.4,,=1000, p=10, T} ;5,=350°C,
Pp=1.2P., Tcond:60007 Tt,in:32ooca
Pinchp=Pinch.=10°C, T¢, ;5»,=30°C

To investigate further this aspect, COs emission and
LCOE maps are given in figures 8 and 9 as a function of the
volume of the storage tank and the shape factor (Hs/Ds).
Minimal values of the economic and the environmental cri-
teria are given on these figures and it turns out that the
economic minimum allows a good environmental footprint.
In fact, at the economic minimum, the design is expected
to reject only 9 grams per kWh more than the design at the
environmental minimum.

CONCLUSION
In this paper, a hybrid solar power plant with a

packed bed thermocline heat storage was considered. An
optimization-oriented model was developed in order to per-
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form an economic and environmental assessment of the
power plant (LCOE and COg2 emission). The operation of
the solar block (solar field + heat storage) is simulated and
the operation duration on each mode is calculated (on solar
field, on storage and on fired heater). A model developed by
the authors based on the perturbation theory and the Gen-
eralized Integral Transforms Technique is used to reduce the
simulation computing time and make the model suitable to
be introduced in optimization routines. The effect of the
solar field size and the storage volume is discussed and it
turns out that for each field size an optimal design of the
heat storage exists and that the shape factor of the tank is
a very important parameter that affects considerably COq
and LCOE reduction.
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