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Abstract. High-Performance-Solar-2 (HPS2) is a parabolic trough demo project that is being built by a European
consortium of research institutions (German Aerospace Center DLR, University of Evora) and companies (TSK-Flagsol,
Rioglass, innogy SE, Steinmiiller Engineering, Yara, eltherm) on the Evora Molten Salt Platform (EMSP). The purpose of
this plant is to demonstrate the viability of using molten salts as heat transfer fluid in parabolic trough power plants, while
performing research and development on such technology. Commissioning of the power plant is foreseen for the end of
2020. Meanwhile, a theoretical study consisting of an annual simulation with NREL’s System Advisor Model (SAM) has
been performed to support consolidate the test plan of the platform with possible operation strategies to avoid freezing of
the salts.

INTRODUCTION

HPS2 features a solar field of parabolic trough collectors with a total length of 684 m and an aperture of 6.77 m
designed to attain ~3.6 MWy, nominal power. High temperatures can be reached thanks to a concentration factor of
~31 (considering the absorber tube’s external surface as receiving area) or ~97 (considering the product of the diameter
and the length of the absorber tube as receiving area) and PTR®70-5G Advanced Receivers. The temperature range
will be 290 °C — 500 °C. Heat transfer fluid (HTF), YARA-MOST, consists of a ternary mixture based on potassium
nitrate (KNOs3), sodium nitrate (NaNOs) and as source of calcium nitrate Yara NitCal-K, a patented double salt
KNO;.5Ca(NO3),.10H,0; with a proportion of 43% KNOs, 15% NaNO; and 42% Ca(NOs),. This ternary mixture has
a similar composition as the Hitec XL salt and has a melting point of 131 °C. Maximum operating temperature is
foreseen to be at least S00 °C and will be studied during this experimental project. The test plant is also composed of
a two-tank (H=5m, D=3.1 m, Herr= 3.1 m) thermal energy storage (TES) system with a theoretical capacity of
4.4 MWh. A complete Steam Generator System (SGS) absorbs up to 1.8 MWy, of the produced heat in order to produce
140 bar and 500 °C superheated steam; parameters that allow for an efficient conversion of heat to electricity in
commercial plant arrangements through a steam turbine. Within HPS2, no turbine will be installed and thus the
superheated steam is condensed through dry-cooling and sent back to the feedwater tank [1].

HPS2 THERMAL STUDY

Since the use of molten salts as heat transfer fluid (HTF) allows to increase the operating temperature of such
plants, the thermal losses that occur there will also increase. In order to assess this variation, this section will determine
the thermal losses on interconnecting piping and receiver tubes during nominal operation of the platform. In addition,
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the thermal losses during night and thermal inertia capacity of the cold tank will be determined in order to define
operating strategies.

Thermal Losses in the Piping

Thermal losses are calculated for the piping zones appearing on FIGURE 1. Zone 1 (at 500 °C) and 4 (at 290 °C)
are the interconnecting piping between the solar field and the tanks; zone 2 (at 500 °C) and 3 (at 290 °C) connect the
tanks to the steam generator system; zone 5 (at ~400 °C) is the crossover piping between the two lines of collectors.
Calculations were made for each zone, according to their characteristics (HTF temperature and length).

B2 Mt
®
M{ m
@ 21 ®
B1Em @ h 200m
523m
Hat Tank ColdTank

=]

i

FIGURE 1. Diagram of the plant with the 5 different pipe zones marked. Hot lines appear in red and cold lines in blue.

It is assumed that all pipes have the same diameter of 3” (although about 5 % of the plant is composed of 2" pipes
where equipment, such as valves, are located) and a rockwool insulation thickness of 15 cm. In order to calculate
thermal losses in the piping, three processes must be considered:

1. convective heat exchange between HTF and the piping (represented by a convective resistance, Rcf;n’:,

2. conduction through the piping insulation (represented by a conduction resistance, R',,,4)

3. convective heat exchange between the outer piping insulation and the air (represented by a convective
resistance, Ri;%,).

Radiative losses depend on the surface emissivity, the system temperature and the temperature difference between
the surface and the environment. As ambient and surface temperatures are very close and the piping is protected by a
low emissivity aluminium surface [2], the radiative losses can be neglected. Conduction resistance through this surface
is also neglected because its thickness is very small and its thermal conductivity is very high.

rock wool

FIGURE 2. Heat transfer modes occurring for piping heat losses.

The insulation will be composed of rockwool (ei) with a thermal conductivity that has been assumed to be
ki =0.06 W.m'.K"! [3] (value obtained for the average operating temperature). The Dittus-Boelter equation has been
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used to estimate the Nusselt number and therefore the convection heat transfer coefficient between the HTF and the
piping [4]:
Nu = 0.023 - Re%8 - pr™,
Re > 10000;0.7 < Pr < 160. (1)

Conduction resistance through insulation has been assessed with a regular equation for a hollow cylinder,
considering an internal radius of iy = 0.044 m and an exterior radius of 7ex= 0.194 m.

The convective resistance between exterior insulation and the air has been assessed with the empirical relation
described by Hilpert [5] and referenced in [6]:

Nuj = c- Rel*- Pri/3, )

where the constants ¢ and m for the Reynolds number used are 0.027 and 0.805, respectively, and with all properties
evaluated at the air film temperature, T,;r. The air film temperature is the temperature of the air that is very close to
the exterior insulation. In the present case, since the piping is well insulated, it has been assumed to be ambient
temperature, i.e. 20 °C [7]. In addition, an average wind speed of 3.34 m.s™! was considered, which is obtained from
an average of local meteorological data for Evora. According to the mentioned properties, the value obtained for the
heat transfer coefficient is 15.2 W.m2.K"". Using this coefficient, the pipe section and its length, it was possible to
obtain the value Ri3%,, in the different zones of the solar field. The total thermal resistance in the piping is then given
by:

RS = Rlgmy + Riona + Right, 3)

A total heat loss from piping of about ~19 kW has therefore been calculated. Considering a total piping length of
207.6 m, the average value of the thermal losses per meter of piping (or linear heat losses) is:

, pipe
pipe _ Pth _ 18987 ~ 1
phpe = T = 2~ 915 (W) 4)

TABLE 1. Results of the thermal losses obtained in the interconnecting piping.

Zone Length [m] R [K.W™] Pf;;pe[W]

1 523 0.075909 6323
2 24.7 0.16073 2986
3 20 0.198609 1359
4 81.8 0.04856 5560
5 28.8 0.137818 2757

Total heat loss (W) 18987

Thermal Losses in the Solar Field

The linear heat loss values, with respect to the absorber tube temperature, are given by the receiver manufacturer.
From the manufacturer data, a polynomial relation between linear heat losses and the fluid temperature was obtained.
Since the losses are directly related to the ambient temperature, the correlation was obtained considering a AT between
the fluid temperature and an ambient temperature of 20 °C. This correlation is given by the following expression:

Pieceiver ~ (1.912 - 1078) - (AT,_)* — (1.336 - 1075) -
(AT,_ )% + (4.088 -1073) - (AT, ,)? — 0.0467 - (AT,,) [W-m™]. (5)

Knowing that the inlet temperature in the solar field is 290 °C and the outlet temperature is 500 °C, a mean value
0f250.5 W.m"! is obtained. Additionally, knowing that the solar field has a total length of 684 m it is possible to obtain
the mean value of thermal losses in the receiver tubes.

pjeceiver — precever ., = 250.5(W - m™1) - 684 (m) ~ 171.5 [kW]. (6)
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Total Thermal Losses

Considering all the calculations made and taking the values of thermal losses obtained in the piping during the
nominal operation of the platform, the total losses can be obtained:

Pt = PRIPSS 4 pleceivers ~ 190.4 [kW]. )

In fact, linear thermal losses in the receiver tubes are 2.7 times greater than the linear thermal losses in
interconnecting piping. Since the receivers are 3.3 times longer than the pipes, thermal losses in the receivers are
approximately 9 times higher; representing about 90% of the total losses.

In addition, the total amount of thermal losses that are occurring in the interconnecting piping and receiver tubes
during nominal operation accounts approximately for 5% of the solar field’s nominal power.

Night Thermal Losses

During night and cloudy periods, heat losses could lead to salt solidification. To tackle this issue it is possible to
use electrical heat tracing to maintain the tubes at a safety temperature and/or using heat stored in the cold tank by
circulating the salts in the solar field at a very low flow rate. In principle, the second option will be preferred as no
extra electrical consumption will be required. However, it will reduce the net heat production of the plant. Thus, to
understand the capacity of the cold tank to maintain the platform’s piping and receivers heated at night, thermal
capacity of the tank and thermal losses in the piping and receivers during the night must be calculated. From these
values it is possible to determine how many hours heat stored in the cold tank can maintain the piping and receivers
heated without running the risk of freezing.

Tanks Thermal Losses
To determine thermal losses from the tank that will be used for this evaluation and as an input for SAM simulation,
only the losses on the sides and tops of the tanks will be determined; the bottom losses are considered negligible.

Insulation of the tanks is made through the use of rockwool similarly to the piping (k; = 0.06 W.m™'.K"). The tanks
have the following presentation:

ei=0.4m

(b)

FIGURE 3. Scheme of the storage tanks: (a) Photograph of the actual storage tanks; (b) schematic diagram used for the
calculations.

To calculate heat losses, the following assumptions are made: 1) the wall of the tank is at fluid temperature; 2) the
ullage space is not considered, i.e. the tank is considered to be full of fluid. Thus, the estimated heat losses are
overestimated. Moreover, two mechanisms for heat loss, at the tanks side and the top, are considered: 1) conduction
through the tank’s insulation; 2) tank’s insulation and air convection. However, since they do not take into account
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thermal bridges (thought the structure, sensors, etc.), these assumptions may compensate each other and lead to an
overall correct final estimation. The following information is considered:

TABLE 2. The main information about the tanks.

Tanks characteristics

Tin [M] 1.55

Text [M] 1.95
Htank [m] 5

e [m] 0.4

ki [W.m.K"] 0.06

Conduction resistance through side insulation is assessed with the regular equation for a hollow cylinder while
resistance from the top is assessed with the regular equation for a defined thickness.

To determine the convective resistance between the tank’s walls and air, it is necessary to consider the values
presented in TABLE 2, as well as, air properties, available in [7]. The heat transfer coefficient between the walls of
the tanks and air is calculated with the Zhukauskas relation (for Reynolds number 2x10° < Re < 2x10° and Prandtl
number 0.7 < Pr < 500) [6]:

Nu=c-Re™:-Pr™. (8)

Where the correlation constants ¢, m and n are 0.076, 0.700 and 0.370, respectively. With these values it is then
possible to determine the equivalent thermal resistance of the tanks, knowing that the conductive and convective

resistances at the side, R%5:%and RE1%¢, respectively, and at the top of the tank, R% °Pand RY;eP, respectively, are in
series with each other, and the side of the tank is in parallel with the top of the tank:
-1
1 1 -1
Rtgnk =< S ) ~ 0.109228 [K-W™]. )
“ Régnd *Reomy  Reona*Reony

Finally, considering ambient air temperature of 10 °C (night temperature), hot tank temperature to be 500 °C and
cold tank temperature 290 °C, a total value of 7.1 kW for thermal losses from the tanks is obtained (please, see TABLE
3).

TABLE 3. Values of thermal losses from the tanks.

Thermal losses of the tanks
PLS (kW]

Hot Tank 4.5
Cold Tank 2.6
Total 7.1

Using TABLE 3 values, total thermal loss coefficient of the tanks (%0rge) can be obtained by:
Pttitlmks = hstorage S AT. (10)

Where S corresponds to the total heat transfer surface and AT the temperature difference between the tank and air.
The value obtained through this equation is 0.163 W.m2K-! and this is the value entered in the software to perform
the simulations.

Piping Thermal Losses

To calculate the pipe thermal losses during night, it is important to consider the fluid’s path during this period,
please, see FIGURE 4.
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FIGURE 4. Trajectory of fluid during the night.

The resistances can be calculated knowing the information presented above, namely inner and outer radius of the
pipe, insulation thickness and conductivity. In addition, considering a piping length of 175.2 m (corresponding to the
night course).

For this calculation, the same method for thermal losses calculations during nominal operation is used. However,
considering an ambient temperature of 10 °C, using the properties of HTF at 290 °C and knowing that during night
the fluid will circulate at a very low mass flow rate of ~1 kg.s™\.

Through the sum of conduction and convection resistances, the equivalent resistance value is obtained: R,q =
0.022783 [K - W~1]. Knowing the value of the equivalent resistance and using the following equation, the thermal
losses are obtained: P}P** = AT/R
piping is therefore ~12.3 kW.

eq = 12290 [W]. The thermal loss value during the night in the interconnecting

Thermal Losses in Receiver Tubes

Using EQUATION 5 and considering that the average ambient temperature at night is 10 °C and that the receiver
tube is at 290 °C, the following value of linear thermal losses in the receiver tube at night is obtained: P]£c¢ers =
131.7 [W - m™1]. Considering that the receiver tube has a total length of 684 m then the value of the thermal losses at
night in the receiver tubes is: PJ¢°¢"e™ = 131.7 - 684.0 = 90060.0 [W] =~ 90 [kW].

Total Thermal Losses at Night

Adding the losses in the interconnecting piping with the losses in the receiver tubes and in the tanks, the total heat
loss value is:

pigtal = phiPes 4 precetvers 4. ptanks ~ 109399.5 [W] ~ 109.4 [kW]. (11)

It should be noted that in this calculation, losses through pipe supports were not included; it was assumed that
supports are well thermally insulated and, in this way, losses in these points can be neglected. To avoid severe heat
losses in the pipe supports, that can lead to local salt freezing, these supports must be pre-insulated with, for example,
calcium silicate rods, as calcium silicate offers the necessary thermal and mechanical resistances, despite being
expensive. A low-cost concept for pre-insulated calcium silicate rods was recently presented [8].

Thermal Inertia Capacity of the Cold Tank
The thermal inertia capacity of the cold tank is the energy that can be lost by the system before reaching a minimum
safety temperature that has been defined. When the salt is circulated, it is considered that its temperature will decrease

in a homogeneous way in the whole plant. To determine the available energy in the tank, the following information
must be considered:
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TABLE 4. Important information to determine the capacity of the tank.

Tank’s characteristics

Tank Volume [m?] 29
Density of the Hitec XL molten salt at 290 °C! [kg.m™] 2000
Specific heat of the Hitec XL molten salt at 290 °C [J.kg''.K'!] 1450
Minimum safety temperature? [°C] 200

"nitial temperature at which the cold tank is.
To ensure that the temperature of the salt does not approach its freezing temperature.

Thermal inertia capacity of the cold tank is given by:
Efi™ = Vigni - p - Cp - AT. (12)

From this expression, where AT is the value between the initial temperature of the cold tank (290 °C) and the
minimum set safety temperature (200 °C), and the given values, it is possible to calculate thermal inertia capacity of
the cold tank: Ef™ ~ 2.10 [MWh]. This value, along with the assessed thermal losses during night, allows
estimation how many hours the cold tank can be used to maintain the salts above the minimum allowed temperature
(see below).

Operation Strategies for Night Period

The main problem of using MS as HTF in CSP plants is their high melting point. Thus, operating strategies of this
type of plants are largely directed in maintaining salts at temperatures above safety temperature (in the literature it is
defined as 30 °C above freezing point [9], but in this project it is set to 200 °C [1]), spending as little electricity as
possible in this process. In this sense, there are numerous strategies that can be defined, as is the case of circulating
the MS from the cold tank through solar field piping during night and cloudy periods. Knowing that total night heat
losses are 109.4 kW and that the thermal inertia capacity of the cold tank between 290 °C and 200 °C is 2.1 MWh, it
is expected that the latter will be able to maintain the system heated during about 21.2 hours, without solar irradiation.
A more accurate estimation can be made by accounting for the fact that the total system heat loss decreases as the
fluid temperature decreases.

To extend the period that the cold tank can maintain the piping heated without using electricity there are several
strategies that can be defined, for example reducing the minimum temperature of the tank to increase its thermal inertia
capacity. In the present case, it can be reduced to170 °C and the number of hours that the cold tank can withstand will
increase to 28.3 hours. This strategy reduces the necessity to use impedance heating in the receiver tubes and electrical
heat tracing in the piping and thus reduce electricity consumption.

Another possibility is to leave some energy stored in the hot tank and to use this energy to heat the cold tank when
the temperature of the latter is too low. In addition, in the periods of the year with less solar irradiation, a strategy that
can be considered is to store the small amount of thermal energy that is obtained from the solar field at sunny occasions,
instead of sending the heat to the steam generator; for later to be used to maintain the system heated and to avoid long
periods of electricity consumption.

SIMULATION WITH THE SYSTEM ADVISOR MODEL

The System Advisor Model (SAM) was developed by NREL in order to model a range of renewable energy
including solar thermal parabolic troughs [10]. SAM uses an hourly performance model to estimate a power system's
total annual output. The weather data file for this work was obtained through the meteorological station of the Institute
of Earth Sciences in Evora, Portugal (N38.567686, W7.91172), being a reference station for the region. The
meteorological data that were used are the result of a compilation between years 2016, 2017 and 2018.
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Annual Production of Energy and Capacity Factor

In the simulation model that is used, “Process heat parabolic trough”, the annual production of energy represents
the amount of thermal energy that the plant produces during a year and the value is given in MWhy,. The capacity
factor is a comparative measure of the amount of energy produced by a plant with the maximum energy that could be
produced if the plant was operating at nominal power during the same period. In this case, considering the nominal
steam generator power to be ~1.8 MW, the capacity factor is obtained by the following equation:

Annual Energy Produced
CF =———FF-——. 13
(1.8x10%)-8760 hours (13)

Through this value, it is possible to determine how much equivalent hours the plant is producing at nominal power
during that year. Using the meteorological data of Evora and HPS2 project information, the simulation of platform’s
operation gives the following values: annual production of thermal energy; capacity factor, corresponding number of
hours at nominal power production. These are listed in TABLE 5.

TABLE 5. Results obtained through the simulation in SAM.

Simulation results

Annual energy [MWh] 4540
Capacity Factor 0.288
Hours 2522

The capacity factor of this installation is lower than the typical value of this type of plants because its solar multiple,
that is to say the solar field oversizing (nominal power) with respect to the steam generator needs, is relatively high
(it is 2.4 whereas typically it is 1.8) and because its storage capacity is very small (2 hours instead of 7.5 hours in
many commercial plants).

Annual Thermal Power Freeze Protection
Annual thermal power freeze protection is one of the values provided in the SAM summary table. It represents the

thermal energy required to heat the storage system as well as the solar field, always ensuring the safety temperature
range of the HTF. In this way, the amount of thermal energy required to heat the plant is presented in TABLE 6.

TABLE 6. Thermal energy needed to heat the storage system and the solar field.

Thermal energy needs for heating

TES freeze protection [MWhy] 9.104
Solar field freeze protection [MWhy,] 18.655
Annual total freeze protection [MWhy,] 27.759

From TABLE 6 it can be seen that it takes twice as much thermal energy to heat the solar field than to heat the
tanks. This result was already predictable since most of the platform’s total thermal losses occur in the solar field,
particularly in the receiver tubes. Observing the annual value of energy required for freeze protection, this corresponds
to ~0.6% of the annual production of the platform.

Annual Electricity Consumption

In the annual electricity consumption determined by SAM simulations the electric energy spent is included, that is
required to: 1) circulate the HTF along the solar field; 2) circulate fluid into the steam generator; 3) collector daily
tracking; 4) TES freeze protection. The value found is to be: annual electricity load = 31.446 [MWh,]. However, in
order to have a better perception of the difference in the electricity spent with the pump system, an infinite thermal
resistance was assumed in the tanks in order to remove the TES freeze protection from the electricity consumption.
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The obtained value is: annual electricity load = 22.342 [MWh,]. The energy spent in daily solar tracking is almost
insignificant; this implies that the electricity spent to pump the fluid into the heat sink and solar field are the main
components contributing to the overall electricity consumption. Such fact was not observed by pioneers in this subject
[11]. For a better perception of these consumptions, the following graph show the energy spent to collectors tracking,
to pump the HTF along the solar field and through the heat sink.
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FIGURE 5. Annual electricity consumption on pumps and tracking.

However, as solar field heating will be done by impedance and electrical heat tracing, i.e., using electricity, it is
important to account for the annual thermal power freeze protection at this point. For this, it is considered that the
electrical resistances have an efficiency of 99% and total values of annual electricity consumption are shown in
TABLE 7:

TABLE 7. Annual electricity consumption counting with solar field heating.

Annual electricity consumption

Annual electricity load [MWhc] 31.446
Annual electricity consumption for solar field freeze protection [MWh,]' 18.843
Total annual electricity load [MWh,] 50.289

The following figures allow to analyse in more detail the needs for solar field heating according to the time of
year.
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FIGURE 6. Annual field freeze protection required for HPS2 project.

! Value obtained through the SAM, where it is called “Annual thermal power for field freeze protection”.
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FIGURE 7. Annual TES freeze protection required for HPS2 project.

As can be seen from the image above, heating is only necessary for some periods of the coldest (and darkest)
months of the year. For the rest of the year the thermal inertia of the fluid inside the pipes is sufficient to prevent the
fluid from cooling to temperatures below the set safety temperature. However, this is the worst-case scenario. No
operation strategy, as for example the circulation of salts from the cold tank through the piping during the night, is
considered. And this latter strategy can significantly reduce the amount of electricity spent on solar field heating.

Electricity Costs Estimate

Considering annual consumptions and that electricity has an estimated cost of 0.192 €/kW,, an estimate of annual
electricity costs can be made: annual electricity costs = 9656 [€]. Looking at the simulation results, of the 9656 €
spent, 3618 € is for heating. This means that about 37% of annual electricity consumption is for HTF heating.
However, using the strategies mentioned above this value will be lower. Thinking on a commercial scale, as the
capacity of the tanks is higher as well as the amount of insulated piping, the thermal inertia capacity of both the tank
and the piping will maintain the HTF heated for a longer period. Another important aspect is that when the amount of
solar radiation reaching the collectors is low, SAM prioritizes production. In the case of HPS2, as no electricity is
generated, the energy collected in the solar field can be all stored for later use in heating avoiding the highest
consumption in the months of lowest radiation.

Finally, a brief remark is made here to say that the CAPEX value for MS despite the extra costs associated with
the anti-freezing protection system (electrical heat tracing, impedance heating and pre-insulated piping supports), is
expected to still be lower than the one for a commercial thermal-oil plant. This results from the savings in not buying
thermal-oil (more expansive than the MS), nor heat exchanger (since the same HTF is used in the solar field as well
as in the storage system), smaller storage tanks and less MS quantity (due to the higher operating temperature lower
amount of MS is required and consequently smaller tanks) and only one group of pumps (there is only one working
fluid and thus a single system pump, plus a back-up one, is required) are needed. A throughout comparison between
solar power plant dependence of the levelized cost of electricity, LCOE, with the HTF used is made elsewhere [12].

CONCLUSIONS

The purpose of HPS2 project is demonstrating the viability of using low-melting salts as heat transfer fluid in
parabolic trough power plants. In addition to testing the viability and detecting possible problems that may arise, this
project also aims to test operating strategies to reduce operational costs and make this type of plant as competitive as
possible in terms of energy production costs. An example of these strategies is the circulation of salts stored in the
cold tank through the solar field at night and cloudy periods. This reduces the need to use electrical resistances for
anti-freezing protection, reducing the platform's electrical consumption. However, from this study it can be seen that
high consumption is not expected with the salt under study, € 9656 per year, without any operating strategy. These
results are due to the fact that YaraMOST is molten salt with an especially a low melting point. The scenario of a high
melting point molten salt, such as Solar Salt, would be very different since the need for heating would be much higher
and is subject to future analysis.
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