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Abstract. In this work, two different methods for measuring the efficiency of central receivers
are analyzed by the case of the High Performance Molten Salt Il Project (HPMS-II): the con-
tinuous power-on method, and the semi-analytical method. The main difference between the
two methods is the procedure to calculate the thermal losses of the receiver: on the one hand,
the continuous power-on method calculates the thermal losses from the measurement of the
absorbed power by the molten salt for different measured incident powers on the receiver.
Here, it is assumed that the thermal losses are independent of the incident power if the molten
salt temperature is kept constant. On the other hand, the semi-analytical method calculates
the thermal losses as the sum of convective and radiative losses, calculated directly from the
Newton and Stefan-Boltzmann equations by measuring the temperature of the tube surface,
the ambient temperature, and the wind speed. Therefore, the calculation of the thermal losses
is independent from one method to another. The procedure of applying these methods during
the experimental test campaign of the HPMS-II receiver is detailed in this paper. Additionally,
an uncertainty analysis of both methods is conducted to determine the uncertainty expected
for the receiver efficiency measurements.

Keywords: Uncertainty Analysis, Solar Receiver, Molten Salt, Power-on Method, Efficiency
measurement, Solar Salt

1. Introduction

Concentrating solar power (CSP) with thermal energy storage (TES) is one of the most prom-
ising renewable energy technologies for dispatchable electricity generation. It increases the
flexibility of the electricity system, allowing CSP plants to operate independently or in combi-
nation with other renewable energies such as photovoltaics and wind, avoiding the need of
fuel backup or massive battery storages. However, these systems are not completely mature,
and several challenges must be overcome to reduce the cost and increase the efficiency of
the plant. In that sense, the main purpose of the High Performance Molten Salt || (HPMS-II)
Project is to demonstrate that a closed-circuit of molten salt permits to increase the maximum
operational temperature from 565 °C to 600 °C without causing decomposition of the molten
salt and minimizing corrosion of the tubes. One of the goals of the project is the measurement
of the receiver efficiency, which is defined as the ratio between the power absorbed by the
molten salt and the incident solar power onto the receiver.
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where Pys = m ¢, (Tou: — Tin) is the absorbed power by the molten salt, P, ¢, are the thermal

losses of the receiver and «ay is the hemispherical absorptance over the solar spectrum of the
tubes.

Different methods for measuring the receiver efficiency on industrial-scale receivers
can be found in the literature: classical and innovative methods based on the measurement of
incident solar power [1-4], a practical method based on direct normal irradiance (DNI) meas-
urement [5], and the power-on method [6] which was successfully applied to Solar-Two plant
two decades ago. The power-on method avoids the necessity of measuring the incident power,
which in some cases comes along with a high measurement uncertainty.

The power-on method divides the heliostat field in two groups of equal number of heli-
ostats, so that the receiver is operated at full power using the heliostats of both groups, and
then at half power using the heliostats of only one group. The molten salt inlet and outlet tem-
peratures remain constant for both full and half power cases, so that the mass flow rate must
be adjusted. Under the assumption that the thermal losses are independent of the incident
power for steady state conditions with constant molten salt temperature, the thermal losses of
the receiver are calculated from the measurement of absorbed power for both full and half
incident power. Although this assumption is not completely accurate (primarily due to the mar-
ginally elevated surface temperatures at increased flux levels), any inaccuracies associated
with it remain comfortably within the measurement's range of uncertainty. Therefore, thermal
losses can be considered constant [6]. One of the main disadvantages of the power-on method
is that the efficiency can only be measured by means of defocusing half of the heliostat field
around solar noon. Therefore, additional effort was required to find and adapt a suitable meth-
odology for this receiver that allows to measure the efficiency without affecting the heliostat
field arrangement and control.

In this work, two different methods for measuring the receiver efficiency of the HPMS-
Il project are presented for the first time: the continuous power-on method, and the semi-ana-
Iytical method with wall temperature measurements. The procedure to apply these methods
during the experimental campaign of testing the receiver of HPMS-II, and also an uncertainty
analysis of the receiver efficiency for both methods are detailed in this paper.

2. Continuous power-on method

The proposed continuous power-on method is a variation of the power-on method used in
Solar-Two experimental campaign [6], with the difference that in the continuous power-on
method it is not necessary to divide the heliostat field in two groups for conducting experiments
at full and half incident power. The continuous power-on method can be applied without affect-
ing the heliostat field arrangement and control for nominal operation of the solar tower plant,
by means of measuring the ratio between the high and low incident power with the radiometers
installed in the HPMS-II receiver. Although the uncertainty of the measured incident power is
high, the sensitivity of the uncertainty of the ratio between the high and low incident flux density
in the combined receiver efficiency uncertainty calculated from an energy balance is low. The
suggested approach is defining different power levels to be reached along the daily tower plant
operation, and make pairs of power levels for applying the power-on method. Whereas the
power-on method used in Solar -Two experimental campaign consisted in conducting four ex-
periments per day around solar noon (full power from 11.00 to 11:30 and 12:00 to 12:30, and
half power from 11:30 to 12:00 and 12:30 to 13:00) to minimize the changing cosine effects of
the heliostat field [3], the continuous power-on method proposed in this work uses in the un-
certainty analysis as many power levels as feasible for the receiver to reach the steady state,
independently of the solar time, which results in lower uncertainty in the determined receiver
efficiency. Two advantages of the continuous power-on method are pointed out compared to
the conventional power-on method: i) The continuous power-on method can be applied without
affecting the heliostat field arrangement and control for nominal operation of the power plant,
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ii) The higher number of experimental power levels reduces the receiver efficiency uncertainty
significantly (around 2% reduction for an increase of 2 pairs of power levels).

The experimental procedure to apply the continuous power-on method for the HPMS-I|
receiver is detailed in the following steps:

1. Define the inlet and outlet temperature of the molten salt in the receiver, which must be
constant for the different incident power levels reached, as one of the assumptions of
this method is to consider that the thermal losses are independent of the incident power
provided that the molten salt temperature remains constant.

2. Define the incident power levels to be reached onto the receiver. The heliostat field
should be operated to have an incident flux on the receiver as uniform as possible.
For each power level:

3. Measure the incident heat flux with the eight radiometers installed along the height of
the HPMS-II receiver (four radiometers at each side of the receiver).

4. Adjust the mass flow rate until the desired temperature range in the molten salt is
achieved in the steady state. The mass flow rate is measured with an ultrasonic flow-
meter, and the inlet and outlet temperatures of the molten salt are measured with a
total of six N-type thermocouples.

Once the experimental procedure for the desired power levels is done, the receiver
efficiency for each power level can be obtained as a function of the measured absorbed power
of the molten salt Pys = m ¢, (Toy: — Tin), the solar absorptance of the receiver a,, and the
thermal losses Py,ss¢n (EQ. 1). To calculate the thermal losses, experiments will be arranged
in pairs of power levels /, relating one high power level with one low power level. Under the
assumption that the thermal losses are independent of the incident power, it is fulfilled that

PMS,Hi + Ploss,th = Ri(PMS,Li + Ploss,th) (2)

PincH; . . . . .
where R; = % is the ratio between the high and low incident solar power levels. For n num-

inc,Lj
ber of pairs of power levels, n equations that relates the high and low incident heat flux of each
pair will be fulfilled. Adding all the equations, the thermal losses for the selected constant tem-
perature of the molten salt are calculated as:

Yic1 PmsH;~2i=1(PumsL;Ri)

Ploss,th = O™, R)-n (3)

In fact this is a combinational problem with x steady state experiments conducted at the same
salt inlet and outlet temperature for different flux densities and k=2 combinations without rep-
etition and no order, so the number of possible combinations is:
n=x!/((x-k)!*k!)

3. Semi-analytical method

The semi-analytical method consists of measuring the temperature distribution over the re-
ceiver aperture with an IR camera, the wind speed at receiver height and the ambient temper-
ature, and calculate the radiative and convective thermal losses using the Stefan-Boltzmann
and Newton laws

Piossth = Z;lpixels (8 4 (TSL%]' - TO%) th (TSJ - TOO)) AP (4)

where ¢ is the hemispherical emittance over the respective IR spectrum of the tubes
surface, 4, is the front area (projected area along vertical direction) of each pixel seen by the
IR camera, h is the external convective heat transfer coefficient from the external surface of
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the tubes to the ambient air, T ; is the external tube surface temperature for each pixel of the
IR camera, and T, is the ambient temperature. It is important to mention that the sum over all
surface segments A, must correspond to the real receiver aperture area, also the infrared
camera may not see some regions. Once the thermal losses of the receiver are obtained, the
efficiency is calculated by Eq.1.

4. Uncertainty analysis

An uncertainty analysis of both the continuous power-on method and semi-analytical method
was conducted using the definitions of JCGM 100:2008 [7]. The receiver efficiency is calcu-
lated as a function of the absorbed power by the molten salt Py = m ¢, (Tyyr — Tin), the solar
absorptance of the receiver ag, and the thermal losses Py, ¢, (EQ. 1), so the combined uncer-
tainty of the receiver efficiency is calculated as

2 2 2 2 2
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where 7 is the receiver efficiency, m is the molten salt flow rate, ¢, is the specific heat of the
molten salt, T;, and T,,; are the inlet and outlet temperatures, respectively, ¢ is the standard
uncertainty of each parameter. The uncertainty of the temperature measurements is conser-
vatively considered to be the uncertainty of the N-type thermocouples used: o = 2 K (after
calibration this uncertainty will probably be lower), the uncertainty of the mass flow rate is taken
as the uncertainty of the ultrasonic flowmeter (6,;, = 3 %), the uncertainty of the specific heat
is considered to be Scp = 2 %, the uncertainty of the solar absorptance is taken as the uncer-

tainty of the reflectometer used to measure the tubes absorptivity (o, = 2%). As the thermal
losses are not directly measured, but calculated from Eq. 3 for the continuous power-on
method, or Eq. 4 for the semi-analytical method, the combined uncertainty of the thermal
losses needs to be determined for each method.

Continuous Power-On method

The combined uncertainty of the thermal losses calculated from Eq. 3 is

O-Ploss,th

n

i=1 i= i

i=1 i=1 i=1 i= i=1

(6)

where oy, is the standard uncertainty of the radiometers used in the receiver of HPMS-II project.
The Gardon gauge type radiometers installed in the receiver, which have an accuracy of +3%,
were previously calibrated against a Kendall-type sensor with an accuracy of 0.3%, so the final
uncertainty of the Gardon gauge radiometers after the calibration was 0.6% respective to the
Kendall-type.

Semi-analytical method

The combined uncertainty of the thermal losses calculated from Eq. 4 is

2 n 2 n n 2
Z aPloss th ] + Z aPloss,th oo + Z aPloss th Z aPloss th +
amH mHi L amLi mLi 4 acp acp Li

n n 2 n 2 2 n 2
Z <aploss ,th > Z (aploss ,th ) + z <aploss th - ) + Z (aploss,th pm > + Z (aploss,th a )
\ aTm H; aTout H; aTlnL ’ = aTout,Li ’ c aRi ki
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The uncertainty of the thermal emittance is taken as the uncertainty of the reflectometer used
to measure the tubes absorptivity (o, = 2%), the uncertainty of the ambient temperature is the
uncertainty of the thermocouple (o, = 2 K), the uncertainty of the pixel area is considered to
be 6Ap = 2%, and the uncertainty of the heat transfer coefficient to ambient was selected to be
6, = 100%, as it is obtained by means of experimental correlations for slightly different receiver
geometries [8,9,10]. Regarding the surface temperature measured with the IR camera, a con-
servative uncertainty value of o, = 20 K was selected as the measurement is influenced by
unknown parameters as the tube surface thermal emittance or the atmospheric transmissivity.

5. Case study: HPMS-II receiver

For conducting the uncertainty analysis of both continuous power-on method and semi-analyt-
ical method, real experimental measurements are needed. However, the experimental cam-
paign to test the HPMS-II receiver is not finished yet, so that analytical data that simulates the
measurements that will be obtained during the experimental test receiver is used in the uncer-
tainty analysis of both methods. For this purpose, a simplified 1D numerical model that simu-
lates the thermal behavior of the receiver was developed to obtain the data necessary to con-
duct the uncertainty analysis, that is the mass flow rate in the receiver, the inlet and outlet
temperatures, and the front surface temperature of the tubes. The energy equation applied to
the tube wall is

AGine" doAx = hy (T, — Too)dobx + £0 (T, * = Too*)do Ax + Un 2 Ax(T,, — Too)  (8)
and the energy equation applied to the molten salt flow:

11y (Toue — Tin) = U2 Ax(Ty, = 0.5(Tiy + Tour)) (9)

do
ln(d

whereU=<hdl+d Tk

>> is the overall heat transfer coefficient from the molten salt flow

to the outer surface of the tube. The Petukhov’s correlation [11] was used to estimate the heat
transfer coefficient from the molten salt to the internal surface of the tube for Reynolds numbers
between 2:104-2-105. The main parameters used in the simulations of the thermal behavior of
the receiver to obtain the data needed for the evaluation of both continuous power-on method
and semi-analytical method are summarized in Table 1.
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Table 1. Parameters used in the 1D model simulation of the thermal behavior of the receiver.

Geometry features

External diameter, do, (m) 0.0368
Tubes per panel, N (-) 2
Number of panels, Np (-) 8
Length, L (m) 2.2
Aperture area, A (m2) 1.295
Tube wall thermal and optical features
Thermal conductivity DMV 310N, k (W/(mK)) 21.5
Thermal Emittance Pyromark, € (-) 0.8
Solar Absorptance Pyromark, a (-) 0.93

Ambient conditions
Heat transfer coefficient to ambient, h

(W/(m2K)) 8.5
Ambient temperature, T- (°C) 10
Operational constraints
Mass flow rate, m (kg/s) 3.2-12.8
Molten salt temperature, Tus (°C) 290-600
Maximum tube temperature, Twmax (°C) 650
Maximum film temperature, Tiim, max (°C) 620
Mean incident heat flux, ginc” (KW/m?3) 150-600

6. Results and discussion

In this work, the influence of the molten salt temperature on the receiver efficiency uncertainty
obtained with both continuous power-on method and semi-analytical method is analyzed.
Therefore, two cases with the minimum and maximum molten salt inlet temperatures (290 °C
and 550 °C, respectively) are considered in this study. As it is explained above, for applying
the continuous power-on method, it is necessary to keep both the molten salt inlet and outlet
temperatures constant. Different simulations are conducted to obtain the mass flow rate nec-
essary to obtain a certain molten salt temperature difference between the inlet and the outlet
of the receiver, given the incident heat flux and the inlet temperature. Figure 1 shows the re-
sults of the mass flow rate as a function of the incident power for different preestablished tem-
perature differences along the receiver, for an inlet temperature of 290 °C (a) and 550 °C (b).
As shown, lower mass flow rates are required to reach a higher temperature difference in the
receiver, given a fixed incident heat flux. Besides, the mass flow rate needs to be increased
when the incident heat flux increases to keep the temperature difference along the receiver
constant.

Regarding the continuous power-on method, a preliminary study was conducted to an-
alyze the influence of the temperature difference along the receiver and the ratio between the
high and low incident power tests on the receiver efficiency. The receiver efficiency uncertainty
strongly decreases with higher temperature differences along the receiver up to a value of
approximately 50 °C, where the influence of the temperature range on the HPMS-II receiver
efficiency uncertainty gets insignificant [12]. On the other hand, lower uncertainty values were
obtained for higher ratios between the high and low incident power.

Therefore, the constant temperature range selected for analyzing the continuous
power-on method was the temperature range higher than 50 °C that provides a higher range
of possible incident powers, i.e., AT = 50 °C for Ti, = 290 °C and AT =40 °C for Tin = 550 °C.
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Notice that for Ti, = 550 °C, the constraints of the maximum film and wall temperature do not
allow to have higher temperature difference than 40 °C on the receiver.

To select the ratio between the high and low incident power, a compromise must be
fulfilled between having the highest ratio that allows to have the highest number of different
pairs of power levels. For this study, a ratio of 2 (the higher incident power is twice the lower
incident power) is selected for conducting the uncertainty analysis.
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Figure 1. Mass flow rate as a function of incident heat flux for different desired temperature
ranges along the receiver. a) Inlet temperature of 290 °C. b) Inlet temperature of 550 °C.

Figure 2 shows the efficiency of the HPMS-II receiver as a function of the incident heat flux
calculated with the continuous power-on method. The error bar represents the expanded un-
certainty with 95% confidence level (k=2) of the receiver efficiency for each incident heat flux,
which was around was around 8-20%. It was found that the efficiency uncertainty is mainly
dominated by the uncertainty of the thermal losses which have a high range of uncertainty
being between 100 and 200%. The thermal loss uncertainty is mainly influenced by the uncer-
tainties of the mass flow rate and inlet and outlet temperatures of the molten salt. However, as
the thermal losses are relatively low compared to the absorbed power, their sensitivity on the
overall efficiency uncertainty is low. Moreover, Figure 2 shows that the combined uncertainty
of the efficiency increases for lower incident powers, as the derivative of the efficiency with
respect to thermal losses, which is the predominant parameter in Eq. 5, increases for lower
mass flow rates typical of low incident powers.
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Figure 2. Receiver efficiency calculated with the continuous power-on method for a ratio be-
tween high and low incident powers of 2 for a) Tin = 290 °C and Tout = 340 °C, b) Ti, = 550 °C
and Tout = 590 °C. Error bars show the expanded uncertainty of the efficiency measurement.
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Figure 3 shows the efficiency of the study of the HPMS-II receiver as a function of the
incident heat flux calculated with the semi-analytical method. The error bar represents the ex-
panded uncertainty with 95% confidence level (k=2) of the receiver efficiency for each incident
heat flux. As shown, the expanded uncertainty of the receiver efficiency was around 4-6% for
the semi-analytical method, which is lower than the uncertainty obtained with the continuous
power-on method, as the uncertainty of the thermal losses was much lower for the semi-ana-
lytical method (20-30%) compared to the thermal loss uncertainty obtained with the continuous
power-on method (100-200%). Therefore, the efficiency uncertainty obtained with the semi-
analytical method is mainly dominated by the uncertainty of the absorptivity of the tubes, and
its value remains nearly constant for the different incident powers.
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Figure 3. Receiver efficiency calculated with the semi-analytical method for a) Ti, = 290 °C
and Tout = 340 °C, b) Tin = 550 °C and Tout = 590 °C. Error bars show the expanded uncer-
tainty of the efficiency measurement.

The results of this simulation study have to be confirmed with real HPMS-II measurement
data. This work will be done, once the receiver tests have been concluded.

7. Conclusion

In this work, two different methods (continuous power-on method and semi-analytical method)
for measuring the receiver efficiency of the High Performance Molten Salt Il Project are pro-
posed as novel methods to obtain the efficiency of molten salt receivers at demo scale. The
main difference between the two methods is the procedure to calculate the thermal losses of
the receiver: on the one hand, the continuous power-on method calculates the thermal losses
from the measurement of the absorbed power by the molten salt for different measured inci-
dent power levels on the receiver; on the other hand, the semi-analytical method estimates the
thermal losses as the sum of convective and radiative losses, calculated directly from the New-
ton and Stefan-Boltzmann equations by measuring the temperature of the tube surface. There-
fore, the calculation of the thermal losses is independent from one method to another.

To study the suitability of applying these methods in the experimental campaign of test-
ing the receiver of the HPMS-II project, an uncertainty analysis of the receiver efficiency is
conducted. For studying the influence of the molten salt temperature and incident power on
the receiver efficiency uncertainty, different cases with the minimum and maximum molten salt
inlet temperatures (290 °C and 550 °C, respectively) and minimum and maximum average
incident heat flux (from 150 to 600 k\W/m?) are considered for conducting the uncertainty anal-
ysis. The results of the study show that the expanded uncertainty with 95% confidence level
of the receiver efficiency is around 8-20% for the continuous power-on method, and 4-6% for
the semi-analytical method. The lower receiver efficiency uncertainty for the semi-analytical
method is due to the lower uncertainty of the thermal losses obtained with the semi-analytical



Fernandez-Torrijos et al. | SolarPACES Conf Proc 1 (2022) "SolarPACES 2022, 28th International Conference on
Concentrating Solar Power and Chemical Energy Systems"

method compared to that obtained with the continuous power-on method. Since the uncertainty
of the receiver efficiency is considered acceptable, both continuous power-on method and
semi-analytical method will be performed during the experimental test campaign of the HPMS-
Il receiver. As the calculation of the thermal losses is independent from one method to another,
the comparison of the receiver efficiency results obtained with both methods will provide useful
information about the correctness of the efficiency measurements.
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