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Simulation and Operation of a CSP that works with a HRB cycle
Antonio J. Subires'*, Antonio Rovira'

"Universidad Nacional de Educacién a Distancia (UNED), ¢/ Juan del Rosal, 12, 28040 Madrid, Spain,
*asubires@ind.uned.es

ABSTRACT

A Hybrid Rankine Brayton power cycle (HRB) is proposed as an alternative to the current technology
used in Concentrated Solar Powerplants (CSPs) that work with medium temperatures (<400°C). Other
alternative power cycles that are common in the technical literature are presented in this paper for
comparison purposes: a supercritical CO2 recompression Brayton cycle (sCO2-RB), and an Organic
Rankine Cycle (ORC). To do this, a parametric analysis is first carried out to compare the efficiencies
of' the cycles. After that, the HRB power block with the highest efficiency is sized, and a new parametric
analysis of the cycles is carried out taking the HRB design as reference. For this, the related parameters
to the total area of the heat exchangers of the power block and the area of the solar field are standardized.
After that, the designs that maximize the power produced for each cycle are selected. Finally, an annual
simulation and a comparison between the annual energy produced for each case is done.

1 INTRODUCTION

1.1 Background

CSPs are a technology that plays a significant role in the electricity production through renewable

energy. CSPs allow a dispatchable production, a characteristic that not all the renewable energy

technologies have. This allows the decoupling between the availability of the renewable resource and 701
the moment of electricity production. Consequently, production can be adjusted to the supply and

demand curves. This is achieved by adding a heat storage system (TES) between the solar field and the

power cycle.

The technology used in each of the CSP systems is quite established. For the solar field there are
different solutions depending on the radiation concentration factor: Fresnel and parabolic trough
collectors (PTC) for low-medium concentration and tower for high concentration. The higher the
concentration, the temperature of the hot sink increases, leading to higher power cycle efficiencies. The
technology mostly used in TES is the molten salt tanks, which exchange sensible heat with the heat
transfer fluid (HTF) that comes from the solar field. For this, a hot and a cold storage tank are used,
circulating the salts from one to the other depending on whether energy is stored or released from the
system.

The steam Rankine power cycle with superheating, reheating and regenerative preheat is the most
widespread choice. Different alternatives of power cycles as well as working fluids have been proposed
in the technical literature. One of the main drawbacks of the Rankine steam cycle is the great complexity
of the installation, since it includes many heat exchangers as well as steam extractions in the turbine.
In the technical literature there are several studies that use subcritical and transcritical ORC
alternatives[ 1], [2]. These cycles simplify the installation but are slightly less efficient than Rankine
steam cycles. In ORCs, the steam extractions from the turbine are avoided and the number of
recuperators is reduced (generally to just one). In addition, by choosing a suitable fluid, dry expansions
are achieved in the last stages of the turbine as well as a high values of power density. ORCs applications
are focused on the electricity production of limited power, through biomass, solar, geothermal, and
waste heat from industrial processes [3], [4]. The main disadvantage of ORCs is the limitation of the
maximum temperature they can reach (usually below 400°C), so they are useful for medium and low
temperature applications.
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Another alternative is the sCO2-RB [5]. Although thermodynamic properties of CO2 are less attractive
than those of the organic fluids usually used in ORCs, CO2 has no maximum temperature limitation,
so it is recommended in high temperature applications (>500°C). For turbine inlet temperatures higher
than 550 °C, the sCO2-RB reaches higher efficiency values than the supercritical steam Rankine cycle
[6].

The HRB configuration was presented in [7] . It includes some insights of the sSCO2-RB that make it
suitable for medium-low temperatures (<400°C), obtaining higher efficiencies than the ORCs.
However, the working fluid must be selected carefully to make it suitable for the cycle.

In this paper, four alternative power cycles (HRB propane, HRB isobutane, ORC toluene and sCO2-
RB) are proposed to work in a 100 MW CSP with TES and PTC. The powerplant is located in Sevilla.
In Section 1.2, a set of thermodynamic factors that allow to compare the efficiency of the power cycles
are showed. In Section 1.3 and Section 1.4, the layout and general considerations of the cycles are
described. Section 2 shows the methodology used to carry out the parametric analysis, the sizing of the
different systems and the operation and simulation of a typical year. Section 3 shows the results and
Section 4 the conclusions and future work.

1.2 Thermodynamic factors
Considering the Carnot efficiency, a set of factors are defined [8] .These factors allow to compare the
efficiency of the different power cycles. Equation | shows that factors:

Q _ o TeBAse o Tmin . Tmax | Tc CAse 1 1

n=1

_ Ye - n . 1
Qn Th-Asp Tmax Th Tmin ASh CN  Fp-FcFs (1

Where T, is the mean temperature of heat addition, T, the mean temperature of heat rejection, Asy, the
entropy increment of heat addition and As, the entropy increment of heat rejection. CN is the Carnot
factor, which reduces the efficiency when the maximum and minimum temperatures of the cycle are
closer. Fy, and F, are the factors of heat addition and rejection. These factors take the unit value when
during the heat addition or rejection the temperature of the fluid is constant. This happens when
processes take place through a latent heat exchange. Sensible heat exchanges take values lower than
one. On the other side F; is the entropy generation factor. This parameter considers the irreversibilities
in all the processes of the cycle.

1.3 Description of the HRB cycle

In the HRB cycle, a Brayton and a supercritical Rankine cycle take place. Hybridization is achieved by
bypassing part of the low-pressure flow that leaves the recuperator through a compressor as it is shown
in Figure 1. Most of the main flow follows a supercritical Rankine cycle, while the bypass fraction
follows a Brayton cycle.
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Figure 1: Layout of HRB cycle
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F, is high since the cooling process of the Rankine cycle is a condensing process. Fj, is also high
because the cycle includes a regenerator. The penalisation of F; in the efficiency can be reduced
selecting a good design: Choosing an optimal compression ratio can move the heat addition process
away from the critical point, so the specific heat of the fluid remains constant during all the process. On
the other hand, the irreversibility of mixing the bypassing flow and the flow that is heated in the
recuperator could be reduced if the thermal properties are similar. Finally, selecting a proper bypassing
factor could balance the heat capacity of the vapor and liquid state flows that exchanges energy in the
recuperator.

It is important to choose a suitable working fluid. A high cp/R at ideal gas condition implies a lower
difference between the specific heat of the vapor and the liquid state, so a lower recompression fraction
value to balance the recuperator is needed. This leads to a lower compression work. Besides, it should
be noted that a too high cp/R value can lead to wet compression, since the slope of the saturated vapor
curve is positive. The proposed fluids, propane and isobutane, meet the above conditions. Figure 2
shows the T-S diagram of propane and isobutane cycles. It can be seen how the slope of the saturated
vapor curve in isobutane is higher than that of propane.
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Figure 2: T-S diagram of HRB layout working with propane (left) and isobutane (right)

1.4 Description of sCO2-RB and ORC

sCO2-RB has a similar layout that the HRB but only changing the pump for a compressor, and the
condenser for a cooler since the heat rejection is a sensible heat exchange. In this paper, the sCO2-RB
showed has only one recuperator since the temperature range is not high. sCO2-RB in high temperature
applications has two recuperators. The inlet compressor temperature and pressure is slightly above the
critical point. The high specific heat capacity and low compressibility factor near this region, leads to a
lower work of the compressor and a lower heat rejection mean temperature that increases the F; factor.
Figure 3 shows the T-S diagram of sCO2-RB cycle.

ORCs have different layouts depending on whether they are subcritical or transcritical. In the
transcritical ones, the conventional boiling process is replaced by a sensible heating one that could lead
to lower irreversibilities. As the recuperator is not balanced (there is not a bypass fraction), it is
interesting select fluids with high heat capacity of the vapor to reduce the F;. Toluene is a good
candidate since it also has a high critical temperature. Figure 4 shows the T-S diagram of a transcritical
and subcritical ORC toluene, respectively.
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Figure 3: T-S diagram of sCO2-RB
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Figure 4: ORC toluene transcritical (left) and subcritical (right)
2 METHODOLOGY

2.1 Non standardized parametric analysis (NSPA)

The NSPA allows to compare the nominal efficiency of the different cycles from a set of fix and variable
data. For each cycle, a map of efficiency values is obtained by varying the compression ratio (rc) and
the bypass fraction, (x). The maximum rc value is limited by two conditions: A limit value of 300 bar
in the high side pressure and a rc limit value of 20:1 for the turbocompressor. Besides, the inlet turbine
temperature is limited by two conditions: The maximum temperature that the power fluid can reach
without degradation (Table 1) and a minimum value of 5° in the SSG (HTF/propane heat exchanger)

Pinch Point. The HTF inlet temperature in the SSG is considered equal to the solar field outlet
temperature (396°C).

The nominal dry bulb temperature considered is 25°C and the temperature difference between the inlet
air and the outlet power fluid is 10°C, so the low temperature of the cycles is 35°C. The sCO2-RB low
pressure has been selected near the critical pressure to increase the density of the fluid at the compressor
inlet. These input data are showed in Table 2.

The polytropic efficiency is used to calculate the inlet and outlet states related to the turbomachinery.
To apply it, the enthalpy change in each turbomachinery is divided in 25 parts. For the pump and the
compressor, Equation 2 is applied to each part. Equation 3 is used for the turbine. The SSG pressure
drop corresponds to the high-pressure side and the recuperator SSG pressure drop corresponds to the
low-pressure side. The pressure is assumed to decrease linearly.
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Table 1: Maximum temperature limit of each fluid

HRBE Isobutane  HRB Propane ORC Toluene sCO2-RB
Maximum temperature limit (°C) 308.85 377 426.85 -

Table 2: Input data in the NSPA

IIRB Isobutane IIRB Propane ORC Toluene sCO2-RB

Fix data

T{°C) 35 35 35 35
T4(°C) 308.85 377 391 391
Peona (bar) at 35°C 4.64 12.17 0.06 -

P, (bar) 4.64 12.17 0.06 80
SSG pressure drop 2% 2% 2% 2%
Recuperator pressure drop 5% 5% 5% 5%
Turbomachinery polytropic 0.9 0.9 0.9 0.9
efficiency

Recuperator Pinch Point 5° 5° 5 5°
Variable data

X 0-0.27 0-0.25 - 0-0.29
re 6-20 6-20 200-900 2.35-2.75

dhg dh

B, =g (2) T = dhg (3)

The specific heat of the propane varies significantly around the critical point, so the Pinch Point in the
recuperator can be achieved at the ends or inside it. So, the enthalpy change has been divided into 25
parts. This number is also enough to consider parallel flow heat exchangers without making significant
errors. The next steps were taken to calculate the thermodynamic properties related to each part: 1°) T3
is estimated. 2°) Energy balances are done in each segment, calculating the related temperatures. 3°)
Pinch Point is calculated. 4°) A new Tj is calculated using Newton-Raphson method. The process ends
when the convergence is achieved.

2.2 HRB propane power block sizing

The power generated by the power block is 100 MW. Compression ratio and bypass fraction values are
calculated in the NSPA and leads to the maximum power block efficiency. The nominal inlet and outlet
temperature of the solar field are respectively 290°C and 396°C. The other fix input values are the same
as the NSPA input values. The thermodynamic properties of each state are calculated like in the NSPA.
The Recuperator UA factor is calculated by adding the UA factors of each part. The UA factor of each
part is calculated from the heat exchanged (Q;) and the arithmetic mean temperature difference (AMTD;)
as it is showed in Equation 4. The SSG enthalpy change has been divided in 25 parts too. The SSG UA
factor has been calculated with the same expression.

Q:
UA=Y2 UA =Y, AT, (4)

2.3 HRB propane cooling system sizing

The cooling system uses air, so the power consumption is significantly. The air mass flow rate (1,),
can be calculated through the heat rejected (Q), the specific heat capacity (cpg;,), the Cooler Initial
Temperature difference (4T,rp) and the Cooler Approach temperature (AP.,,q) as it is shown in
Equation 5. The cooling UA factor is calculated as the sum of the UA factors associated to the rejection
of sensible and latent heat of the cycle. In this case, the UA factors are calculated using the logarithm
mean temperature difference (LMTD) since the refrigerator is not divided into smaller parts. The fan
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power is calculated as in [9]. The fan power is proportional to the enthalpy increase of the air. The outlet
fan temperature (Tfqn, oyt s) 1S calculated considering an isentropic compression (Equation 6) using the
ideal gas model. The isentropic efficiency allows the calculation of the outlet enthalpy considering the
irreversibilities. Finally, the fan power is calculated from the mechanical efficiency, the air mass flow
rate, and the enthalpy increase. Table 3 shows the nominal data inputs.
0 _R
mg, = Tfan,out,s = Tgp * rppPair
© " Pair @Trp = APeona)  ©) (6)

Table 3: Cooling system input data

Fan isentropic efficiency 0.8
Fan mechanical efficiency 0.94
Cooler Initial Temperature difference* 10°
Cooler Approach temperature** 3°

Fan pressure ratio 1.0028

*Tt 1s defined as the difference between the outlet temperature of the power cycle and the air inlet temperature.
*Tt 1s defined as the difference between the condensing temperature of the power cycle and the air outlet temperature

2.4 Standardized parametric analysis (SPA)

The NSPA does not allow an adequate comparison between the cycles as it does not standardize the
area of the heat exchangers (recuperator, SSG and refrigerator) nor solar field area. The SPA allows to
compare the PB efficiency and the net power of the different cycles taking the sized HRB power block
as reference. The calculated total UA factor of the heat exchangers (the sum of recuperator, SSG and
refrigerator UA factors), the nominal inlet and outlet solar field temperatures, and the calculated
nominal thermal power transmitted to the PB are the input data along with the data of Table 2 (except
the recuperator Pinch Point, that is an output data).

Each power cycle is sized for each value of compression ratio and bypass fraction. The algorithm
follows an iterative process in which each UA factor is initially estimated and then recalculated until
convergence is achieved. The calculation of the thermodynamic properties related to the enthalpy
change of each heat exchanger is calculated using the Newton Raphson method explained in Section
2.1 but considering the UA factor as a function instead off the Pinch Point.

For the HRB isobutane and ORC toluene cycles, the cooling UA factor is recalculated as it is showed
in Section 2.3. In these two cases, the input data used are the same as those shown in Table 3. In the
sCO2-RB, the UA factor is calculated by dividing the enthalpy change in 25 parts since the specific
heat capacity of the CO2 varies significantly near the critical point. In this case, as the cooling process
is a sensible heat exchange process, the outlet temperature of the air can be higher than the outlet
temperature of the power fluid. So, in this case we consider that the temperature change value of the air
is 20°C.

2.5 Solar field sizing

The peak optical efficiency is calculated using Equation 7. The mirror reflectance (), the intercept
factor (y), the envelope transmittance (7) and the absorber absorptance () corresponds to geometrical
and optical parameters of the collectors (Eurotrough-150) and the receivers (Schott PTR70).

nopt|peak =p 'V'T’alq;:og (N

The incidence angle, ¢, is calculated using the equation exposed in [10], [11] considering that the
collectors rotation axis coincides with the North-South axis. Equation 8 allows to calculate the incidence
angle modifier for an ET-150. This expression includes the cosine effect.
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K = cos(¢) — 2.859621e — 5 (¢)? — 5.25097e — 4 - ¢ (8)

The Equation 9 is used to calculate the heat losses per meter of absorber tube. AT is the difference
between the average temperature of a collector loop and the dry bulb temperature.

Gpera = 0.00154 - AT? + 0.2021 - AT — 24.89 + [(0.00036 - AT? +0.2029 - AT + 24.899) - (%) . cos(<p)] 9)
The number of required Solar Collector Assemblies (SCAs) per loop is calculated using an energy
balance (Equation 10). This value must be an even number since a collector loop is divided into two
halves. Then, the HTF mass flow rate per loop (11,,) is recalculated. h;,,, and hy;, are the nominal
outlet and inlet solar field enthalpies, A4, and L, are the area and length of each SCA.

hsfout_hsfin (10)
DNI'ASCA'noptlpeak'K_éperd'LSCA

Ngca = Meor

The number of loops should be the upper integer number resulting from dividing the required thermal
power by the thermal power of the unitary loop. As the solar multiple value is 2, the required thermal
power is twice the thermal power demanded by the power block. The nominal input data is showed as
Supplementary data.

2.6 Storage system sizing

Two-tanks system with a storage capacity for 12 hours of nominal power block thermal power
requirement have been considered. The nominal temperatures of the hot and cold molten salts tanks are
respectively 391°C and 285°C. The HTF/molten salts heat exchanger UA factor is calculated by the
NTU method (Equation 11).

. € Q Thot —Tcold
UA = NTU - Cmin = — - ; €= —HIE HIE (11)
€ Thotgg—-Teoldgqe Thotyrp-Teoldgqye

2.7 Off design power cycle/cooler calculation

The methodology assumes the following criteria: 1) The Stodola-Friigel Law is used to describe the
behaviour of the steam turbine at partial load [12]. 2) We consider constant volumetric flow in the
compressor. 3) The turbomachinery efficiency at off-design conditions is reduced from the nominal
value as the capacity moves away from the design value. Equation 12 relates the turbomachinery
efficiency to its capacity. Equation 13 describes the turbomachinery capacity from the mass flow rate,
the pressure, and the inlet temperature. 4) The recuperator and SSG UA factors decrease as the mass
flow rate of the fluid with the highest thermal resistance also does. The SSG UA factor is calculated
using the Equation 14. The recuperator UA factor is also calculated using Equation 14 but considering
propane instead of the HTF as fluid.

\T myrF |\
/3 (12) ¢=mo 13 ”Am:UAdis‘(mmdis) (14)

()
Pebgis

Nep = T]tbdis - |1 -

The off-design power cycle algorithm follows an iterative process in which the data input is the HTF
temperature at the SSG inlet, the HTF mass flow rate, the cooling temperature, the inlet turbine
temperature, and the low-pressure value. The main results are the thermal power required, the power
production and the HTF temperature at the SSG outlet. Ty, P, and the bypass fraction are initially
estimated and recalculated until they reach the convergence.

The off-design power cooler algorithm follows an iterative process in which the data input is the outlet
and inlet cooler temperature at the power fluid side and the inlet temperature of the air. The main result
is the power consumed by the fan. The outlet temperature of the air is initially estimated and recalculated
until it reaches the convergence. Fan isentropic/mechanical efficiency and fan pressure ratio take the
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design value. Cooling UA factor is calculated using Equation 14 but considering the air instead of the
HTF as fluid.

2.8 Annual simulations

The following operation conditions are considered in all cases: 1) The HTF mass flow rate through the
SSG and the outlet temperature of the solar field take the design value; 2) Ambient temperature and
inlet SSG temperature at HTF side (in the case that the TES provides thermal energy to the PB) take
off-design values; 3) In HRB and the ORC, the low temperature is fixed 10°C over the dry bulb
temperature. 4) In the sCO2-RB, the low temperature is set in 35°C. If the ambient temperature is higher
than the design value, the air mass flow rate increases until a 15% higher than the nominal value.

The CSP follows a dispatch strategy that prioritizes production from energy coming directly from the
solar field with only one PB startup per day. The PB startup is constrained by a time duration and a
thermal energy fraction. The time duration constrain value is 30 min and the energy constraint value is
a 20% of the thermal energy demanded by the PB during 1 hour at nominal conditions. The following
premises are considered: 1) Every day after the solar field startup and before the PB startup, the
minimum energy necessary to store is calculated so that the PB works uninterruptedly during daylight
hours. 2) The PB startup operation only demands energy that comes directly from the solar field so the
operation can take a longer time than the time duration constrain. 3) If the power absorbed by the solar
field is higher than the maximum power that the cycle can demand, the power excess is derived to the
storage system. 4) If the solar power absorbed is lower, the stored energy is transferred to the PB
complementing the flow that comes from the solar field. 5) After the sunset, the salts are discharged at
the nominal value, so the remaining energy stored is transferred to the PB increasing the production.

For each case we have done hourly simulations. The meteorological data used to calculate the annual
simulations, correspond to a database of a typical year for Sevilla provided by METEONORM. It
includes the weather station coordinates, as well as values taken hourly of DNI and dry bulb
temperature. Row shadowing losses, solar field startup thermal energy and thermal tank losses are also
considered. They are explained in [13], [14].

3 RESULTS

Figure 5 shows the values of the efficiency for each cycle depending on the bypass fraction and the
compression ratio in the NSPA. The highest efficiency value is achieved by the HRB propane cycle as
it is showed in Table 4. Toluene achieve a slightly lower value. The compression ratio that corresponds
with this value leads to a transcritical Rankine cycle. The F; of ORC with toluene is high considering
that the recuperator is not balanced. This occurs because the toluene has a high cp/R, so the vapor flow
has a high specific heat. F. of the sSCO2-RB is considerable high although the heat rejected is sensible
heat. This is because the inlet compressor flow is close to the critical point.

The HRB that works with isobutane has a higher value of F;, F. and Fj, than the HRB that works with
propane; however, the propane achieves a higher efficiency. This is because the isobutane has a lower
maximum temperature, which penalizes the CN factor. sCO2-RB does not achieve high efficiency,
which justifies that it works better with higher temperatures.

Table 5 shows the UA factors in case of sizing the cycles standardizing only the solar field. The thermal
power required by the PB in each case coincides with that demanded by the HRB propane in the design
that achieves the greatest efficiency. Temperature difference at the ends (cold and hot) of each heat
exchanger are also showed. The HRB cycles need the highest total UA factor values while the ORC
needs the lowest. The main reason is that the recuperator needs a higher UA in the cycles that have a
bypass fraction. In these cases, the heat capacity is equalized, so the temperature change in each end of
the recuperator is similar. Besides, recuperator UA factor in HRB propane is considerably higher than
in the sCO2-RB cycle although the temperature difference at the ends is similar. This is because the
specific heat capacity varies a lot inside the recuperator, so the temperature difference in each part of
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the recuperator can varies considerably too. This justifies the division of the heat exchanger in smaller
segments. Besides, HRB and ORC cycles needs a higher cooler UA factor than in the sCO2-RB
although in the latter, the efficiency of the cycle is the lowest. This is because HRB and ORC reject
mostly latent heat while the sCO2-RB rejects only sensible heat.

HBR propane
39
HBR isobutan
37 s C02-RB
35 ——— ORC Toluene
£ =
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g 31
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- 27
25 T T T T T T T T T —
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Figure 5: NSP results for each power cycle
Table 4. Maximum efficiency NSPA results for each power cycle
HRB Isobutane HRB Propane ORC Toluene sCO2-RB
Efficiency (%) 35.12 40.06 40.04 33.62
Fy 0.8956 0.8901 0.8446 0.8806
F; 0.9989 0.9965 0.9998 0.9411
F; 0.9123 0.8915 0.9163 0.8434
CN 1.889 2.109 2.155 2.155
x {bypass fraction) 0.25 0.25 - 0.29
rp (compression ratio) 20 15 700 3.15
Table 5: Standardized UA factors
HRB Isobutane HRB Propane ORC Toluene sCO2-RB
UAMW/K) ATn  ATe UA ATw AT. UA ATw AT. UA ATw AT.
SSG 2.7 87 93 7.9 19 46 7.1 5 113 | 14.3 5 36
Recuperator 37.2 12 6 45.8 5.2 6.5 4.5 46 5 28.1 5 5
Cooler 38.2 21 3 223 20 3 25 16 3 6.5 73 10
Total 78.1 - - 75.9 - - 36.6 B - 48.9 - -

Table 6 shows the results of the SPA, that also standardizes the total UA factor. The design that
maximizes the net power of each cycle is showed. All cycles increase their efficiency with respect to
the SPA. ORC toluene produce more net power than the HRB propane as the UA total factor has been
increased considerable. sCO2-RB produces more net power than the HRB isobutane although its
efficiency is lower. As the cooler rejects only sensible heat in sCO2-RB, the temperature change of the
cooler fluid (air) is higher, so the cooler power consumption is lower.

The results of the annual simulation for each power cycle are shown in Table 7. The thermal energy

demanded by the PB is the solar thermal energy absorbed minus the solar field and PB startups and
minus the heat losses in molten salts tank. In all cycles, these parameters are similar because the size of
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the TES and solar field are the same. The variations are due the heat losses by defocusing while the PB
is off, and the TES is storing energy. Total net energy production in HRB Propane and ORC toluene
are similar. The same happens between the HRB isobutane and sCO2-RB however in this case it is due
the lower cooling system power consumption of the sSCO2-RB. In all cycles, the average net power
produced, and the average efficiency of the power block are slightly lower than the nominal values.

Table 6: Maximum efficiency SPA results for each power cycle

HRB Isobutaue HRB Propaue ORC Tolueue sCO2 RB
Efficiency (%) 35.34 40.06 40.38 34.44
Power produced (MW) 88.5 100.3 101.1 86.2
Coolcr consumption (MW) 7.3 6.8 6.7 2.6
Net Power produced MW} 81.1 93.5 94.3 83.6
X (bypass fraction) 0.25 0.25 - 0.28
p (compression ralio) 20 15 700 3.25
P rax (bar) 91.9 183 43.7 260
UAy (MW/K) 2.5 1.9 7.3 14.2
UA,. (MW/K) 47.2 45.7 43.1 49.7
VA ond (MW/K) 26.3 223 25.6 12.1

Table 7: Main Annual simulation results

HRB isobutane HRB Propane ORC Toluene sCO2-RB

Solur thermal energy absorbed (GWh) 1040.5 1039.5 1040 1036.8
Solar field startup thermal energy(GWh) 103.6 103.8 103.8 103.8
PB startup (hermal energy(GWh) 16.8 168 16.8 16.8
Heat losses in molten salts tanks(GWh) 8.5 8.5 8.5 8.5
Thermal energy demanded by the PB (GWh) 911.5 9104 910.9 907.6
Total energy production (GWh) 315.8 357.9 362 299.5
Cooling system consvmplicn (GWh) 25.7 247 246 94
Total net cnergy production {GWh) 290 3332 3373 290

N° hours Power Block 3680 3672 3683 3720
Mean total power prodnced (MW) 85.8 97.5 98.3 80.5
Meun net power praduced (MW) 738 90.7 91.6 80
Mean Power Block efficiency (%) 34.64 39.32 39.73 33
Power range (MW) 73.7/92 78.4/118.5 87.8/113.5 58/86.2
Net Power range (MW) 66.6/89 72.4/111.1 81/106 54.8/85
Cooling sysiem power range (MW) 2.9/7.3 6/14 6.1/6.8 1213
Power Block cfficiency range (%) 31.25/36.07 34.34/42.19 35.61/42.61 25.53/34.44
Lower B temperature range (*C) 30/55.5 17.7/53.2 17.7/53.2 35/44.5
Ambient temperature range (°C) 7.7/43.2 7.7/43.2 7.7/43.2 7.7/43.2

In all cases the net power range is wider than the power range because the cooling system consumes
more energy at high ambient temperatures (when the PB efficiency is also lower). In HRB propane, the
maximum power value is higher than in the ORC although the maximum efficiency value in the last is
higher. This can be an advantage for the HRB when the objective is to produce more energy at the hours
of highest sales price. Because of that the number of PB working hours is lower in the HRB propane
than in the ORC. However, the minimum efficiency value in the HRB propane is considerably lower
than the minimum efficiency value in ORC. This is because compressor and turbine rotate at same
speed, so at high ambient temperature the bypass fraction value increases too much, unbalancing the
recuperator and increasing the compressor consumption.

In HRB isobutane, the minimum condensing temperature is limited to 30°C because lower temperatures
could lead to wet compression. As a disadvantage, the maximum value of cycle efficiency in low
ambient temperatures is also limited. However, the cooling power consumption is reduced. In sCO2-
RB the minimum temperature of the cycle has been limited to 35 °C. For ambient temperatures above

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

710



Paper ID#119, page 11 of 12

the nominal, the cooling system has been optimized to work up to a maximum air flow of 1.15 the
nominal value. With this, it has been possible to reduce the maximum value of the temperature at the
compressor inlet to 44.5°C when the ambient temperature is 43.2 °C. Despite this, the performance is
reduced up to a 25.53%. This is mainly due to the decrease in the density value at the compressor inlet.

4 CONCLUSIONS

Different power cycles have been presented as alternatives to the current technologies used in CSPs. A
method that allows to compare the performance of the power cycles without sizing the solar field and
the TES has been proposed. To achieve this, the UA factors of the PB and the thermal power demanded
have been standardized. Annual simulations have been done to compare the annual energy production.
In this case, the same solar field and TES have been sized for all the power cycles studied.

The low consumption of the sCO2-RB aerocondenser is an advantage, but the efficiency is severely
penalized when the compressor inlet conditions are far from the critical point. On the other hand, despite
the high efficiency developed by the ORC toluene, it has a major drawback: Condensing pressures for
common ambient temperatures are very low, in vacuum. So, air can enter in the circuit. This is a risk
considering that toluene is very flammable. The HRB propane cycle with a balanced recuperator has
proven to develop high performance for medium temperature applications. The critical pressure of
propane is not very high, which allows working in the supercritical region without too high pressures.
Independent shafts for turbine and compressor could lead to select different bypassing fractions in each
off-design condition. So, the performance could be increased considerably at high ambient
temperatures.

Supplementary data: AntonioSubires/Supplementary-data-of-Simulation-and-Operation-of-a-CSP-
that-works-with-a-HRB-cycle- - GitHub
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This book contains the compilation of works contributed to the 7th International Se-
minar on Organic Rankine Cycle Power Systems (ORC 2023), held in Seville between
the 4th and 6th of September 2023. The event was hosted by Universidad de Sevilla on
behalf of the Knowledge Centre on Organic Rankine Cycle Technology (KCORC), in-
corporated in The Netherlands.

The ORC conference, organized biennially, stems as the only conference that is specific
to ORC technology, therefore gathering a diverse community whose affiliation spans
across all the interested stakeholders, not only in this particular technology but also
and in a broader context, in the energy transition. Original equipment manufacturers,
professional associations, end-users, investors, policy makers_,;’@emics, scientists feel
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