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How low must the freezing limit of a nitrate salt be? Freeze-protection cost sets the oil-salt

parity boundary for cold-site parabolic-trough plants

Zhaohui Han, Zengli Dai, Yuan Wei, Yu Xie, Dongxiang Wang

o Electric freeze protection costs a Solar Salt trough 206 MWh/yr vs 6 MWh for oil

o Air-pressure effects at 2801 m change annual output by only 0.1%

Salt matches oil once its minimum operating temperature falls to about 197°C

Parity temperature and optimal storage shift with storage cost and accounting

A 170-500°C ternary-like window is 4.7% cheaper than the oil reference
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Abstract

Molten nitrate salt lets parabolic-trough plants deliver heat at 540°C and store it directly, but at
cold sites the receiver inventory must be kept above its freezing limit whenever the field is not
collecting. This study asks how low that limit must be for a direct Solar-Salt plant to match a
thermal-oil plant with indirect salt storage. A one-loop equivalent plant at Golmud, China (2801
m; annual DNI 1898 kWh m~2) is simulated hourly with a segmented receiver enthalpy model, an
explicit storage ledger, three receiver-maintenance policies and separate grid import and export
accounts. With steady electric maintenance, salt needs 206 MWh of heating electricity per year
against 6 MWh for oil; its net-energy levelized cost rises from 739 to 906 CNY MWh~!, above
the 846 CNY MWh™! of oil. A fixed-weather pressure experiment changes annual output by only
0.1%, so the penalty comes from the freeze-protection burden rather than from air density. With
storage re-optimised over hourly candidates, salt reaches parity once its minimum operating
temperature falls to 196.5°C. Across 98 storage-cost and accounting combinations, 61 give a
parity temperature between 90 and 240°C, and the cost-optimal storage moves between 0 and
7 h. A ternary-salt-like window of 170-500°C gives 804 CNY MWh™!, 4.7% below oil, which
would tolerate a salt price of about 10.8 CNY kg™! in the storage inventory. The results give
salt developers a quantitative freezing-limit target and show which operating and accounting
assumptions move it.
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1. Introduction

Parabolic troughs are the most mature concentrating collector technology][l1l]. Most parabolic-
trough plants use synthetic oil as the heat-transfer fluid (HTF), which limits the field outlet to
about 400°C and requires an oil—salt heat exchanger when the plant has molten-salt storage[2}
3| 14]. Using nitrate salt in the field removes that exchanger, raises the delivery temperature and
stores the field fluid directly[S, |6} [7]. The penalty is the salt’s high freezing limit: Solar Salt
(NaNO3;—KNOs3, 60-40 wt%) solidifies at roughly 220-240°C, so every receiver, header and
pipe must be kept warm, drained or reheated when the sun is not available[5, (8, [9]. China has
built much of its recent concentrating solar power capacity on cold, high-altitude sites in Qinghai
and Gansu[[10} [11], where this penalty is paid on most nights of the year.

Operating experience with salt-filled trough loops is growing. The Evora molten-salt plat-
form has run a 3.5 MW, trough with a ternary salt between about 180 and 500°C and reports
preheating, draining and cold-spot management as central operating tasks[12]; loop-wise flow
control has been tested on the same platform[13]]. Laboratory work has measured solidification
and melting of Solar Salt in evacuated and non-evacuated receiver tubes|14], and tank design
practice for molten-salt storage is well documented[15, [16]. These studies show that freeze pro-
tection is an engineering cost that recurs throughout plant life, not a one-off design detail.

Materials research aims to reduce that cost by lowering the freezing limit. Quaternary
nitrate mixtures[17], binary to quaternary nitrate phase diagrams[18]], quinary nitrate/nitrite
mixtures[19] and lithium-containing mixtures[20] report melting values well below that of
Solar Salt. These studies also show why one temperature cannot describe a salt: melting onset,
liquidus and crystallisation on cooling differ by tens of kelvin, and the upper stability limit often
falls when the lower limit falls[[17, [19]. A material developer therefore needs a system-level
target. The question is how low the usable minimum temperature must be before a salt-HTF
plant becomes cheaper than an oil plant at a given site, and how that target depends on storage,
operating policy and cost.

The closest system study is that of Dersch et al.[21]], who compared VP-1 oil, Solar Salt and
a ternary salt in parabolic-trough plants at three sunny sites with several storage capacities. In
their model, freeze protection draws on stored heat first and then on natural-gas auxiliary heating;
electric freeze protection was not considered. They found the ternary salt to give the lowest

levelized cost at all three sites; Solar Salt beat oil clearly at the high-DNI Moroccan site, but at the
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other two sites only with more than 12 h of storage. Energy—exergy—economic—environmental
studies of trough systems have examined other configurations and fluids[22} 23| 24]. Altitude
effects have been studied for flat-plate collectors[25]], and receiver heat-loss models have been
reviewed[26]. None of these studies expresses the oil—salt comparison at a cold site as a required
freezing limit.

This study fills that gap for a cold, high-altitude site with electric freeze protection (Table [T)).
It makes four contributions. First, a fixed-weather pressure experiment separates the effect of
air density on receiver heat loss from the effect of freeze protection. Second, three receiver-
maintenance policies and two electricity-accounting conventions are compared on one hourly
ledger with separate grid import and export. Third, the comparison is expressed as a parity
minimum operating temperature, with storage re-optimised over hourly candidates and the target
mapped over 49 storage-cost combinations. Fourth, a ternary-salt-like operating window and a

raw-material inventory check translate the target into a cost allowance that material developers

can use.
Table 1: Scope of this study compared with the closest prior system study.
Aspect Dersch et al. 2025(21] This study
Fluids VP-1 oil, Solar Salt, ternary salt VP-1 oil, Solar Salt, ternary-salt-like
window
Sites Three sunny sites (Morocco, United ~ Golmud, China: 2801 m, 2550 h be-

Freeze protection

Electricity accounting

Storage

Main output

Arab Emirates, Spain)

Stored heat first, then natural-gas
auxiliary; electric heating not mod-
elled

Net generation

Several capacities (capacity factors
0.3-0.8)
Levelized cost ranking by site and

storage

low 0°C in the TMY

Electric steady maintenance, thermal
inertia with start-up debit, and stored-
heat supply

Hourly import and export, net-energy
and export-based levelized cost

0-12 hin 1 h steps, re-optimised for
each cost case

Parity minimum operating tempera-
ture and cost allowance over 98 cost

and accounting cases




2. Methods

Figure [T| shows the two plant configurations and the boundaries of the energy ledger. Both
plants share the same site, weather, collector loop and power-block model; they differ in HTF,

field temperatures, storage arrangement and freeze-protection demand.

(a) Direct molten-salt field and storage (Solar Salt)

excess heat

discharge

Hot tank 540 °C

Solar field
600 m loop, 5.77 m aperture Power block
salt 290 - 540 °C direct supply | 0.74 x Carnot efficiency

10% parasitic fraction

: g Cold tank 290 °C

standby heat 290 °C header return
Egen
Receiver maintenance (
Tz=Tmin + 12K Eimp Grid: hourly export /

electric, or heat from TES import ledger J‘

A
(b) Thermal oil field with indirect two-tank salt storage
s N 360 °C oil
|| oil-saltHx Hot salt 375 °C
Solar field 15 K approach
600 m loop, 5.77 m aperture Power block

oil 290 - 390 °C 0.74 x Carnot efficiency

charge return 320 °C; 10% parasitic fraction

unstored enthalpy dumped

Cold salt 305 °C

(. J
Y
standby heat direct supply 390 °C
( N\ Egen
Receiver maintenance
T2 Tmin + 12K Eimp Grid: hourly export / "
electric import ledger J
(. J

Figure 1: System boundaries. (a) Direct molten-salt plant: the field heats Solar Salt from 290 to 540°C and charges
a two-tank store directly. (b) Oil plant: the field heats VP-1 from 290 to 390°C and charges a 375/305°C salt store
through a counterflow oil-salt heat exchanger. In both plants the receiver is kept above T, + 12 K when the field is not

collecting, and electricity for this heating is drawn from generation or imported from the grid on an hourly ledger.

2.1. Site, weather and pressure counterfactual

The site is Golmud (36.42° N, 94.90° E, 2801 m). A licensed Solargis typical meteorological
year (TMY)[27]] supplies hourly direct normal irradiance (DNI), ambient temperature and wind

speed. Annual DNI is 1898 kWh m~2, mean ambient temperature is 7.1°C, the minimum is
4
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—18.8°C and 2550 h are below 0°C. The TMY timestamps are local standard time at the end
of each interval, and solar geometry is evaluated at the interval midpoint. An idealised REST2
clear-sky year[28] at a constant 10°C and 3 ms~! serves as a resource counterfactual.

To isolate air density, the pressure experiment changes only the air-property elevation be-
tween 0 and 2801 m. Weather, solar geometry, optics, sky temperature and equipment rating are

unchanged. Pressure follows the U.S. standard atmosphere[29]],

. p@

= 101325 (1 — 2.25577 x 10727325588, = ’
re ( & 287.05T

6]

so that density at 2801 m is 0.710 of its sea-level value at the same temperature. Sky temperature

follows Swinbank][30]] in all cases.

2.2. Collector loop and receiver

The loop is 600 m long, made of four 150 m assemblies with a 5.77 m aperture (3462 m?).

Absorbed power per unit length is

Q;bs = DNIW cos gpmyTga'aCcleanKIAM(g) Nend(6), 2)

with mirror reflectance 0.935, collection factor 0.92, glass transmittance 0.96, absorptance 0.955,
cleanliness 0.95 and the EuroTrough incidence-angle modifier. The receiver uses an absorber—
glass two-node balance based on the Forristall model[31], with radiative transfer across the evac-
uated annulus and convection plus radiation from the glass to the environment. External convec-
tion uses the Churchill-Bernstein cross-flow correlation[32] with Sutherland air viscosity[33],
and internal convection uses the laminar limit or the Dittus—Boelter correlation[34]. The overall
structure follows established trough performance models[35]. Absorber emittance is 0.062 +
2.00 x 10‘7T3 (T, in °C), following the PTR70 characterisation[36]]. Each nonlinear receiver
solution must close its heat balance to within 10~ Wm™!.
The field runs at variable flow to reach 540°C for salt and 390°C for oil from a common

290°C cold header. Heat loss along the loop follows an axial enthalpy march,

_dh ’

G =l D WD) = [ @ G)

c

solved with a midpoint predictor—corrector on 16 segments. Flow is bounded between 0.5 and 60
kg s~!: if the target outlet cannot be reached at minimum flow, collection stops; if it is exceeded

at maximum flow, the field defocuses. Collection also requires DNI > 50 W m™2, solar zenith
5
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below 88° and incidence below 75°. The solar energy input Eg,, = A Y, DNI,At counts every

hour, including hours rejected by these gates.

2.3. Storage and power block

All annual cases use a solar multiple of 2.5. The power-block thermal rating is the field’s
design-point output (900 W m~2, normal incidence, 25°C, 3 ms~!) divided by 2.5, which gives
0.859 MW,;, and 0.340 MW, net for salt and 0.898 MW, and 0.298 MW, for oil. Storage is a

fixed-temperature reservoir,
Et+1 = Et + Ech - Edix - ETESH)‘ec - Eloss’ 0< Et < Ecapa (4)

starting empty. Direct salt storage operates between 540 and 290°C. For oil, one 15 K coun-
terflow approach on every exchanger end fixes the salt tanks at 375/305°C, the charge-side oil
return at 320°C and discharged oil at 360°C. Only the pinch-feasible part of excess field enthalpy
can be stored; the rest is counted as dumped return heat at the cold header. Tank loss is set to
1.5% of capacity per day at the reference hot-to-ambient temperature difference and is met first
from stored heat and then by electric heating.

When field and storage supply the power block together, the mixed inlet enthalpy is the mass-
weighted mean of the two streams. Gross efficiency is 0.74 of the Carnot efficiency between
a turbine-inlet temperature 28 K below the HTF supply and 45°C condensation; a fixed 10%
parasitic fraction gives net output. Receiver and tank heating are counted separately from this
fraction. Storage discharges in all non-valley hours. This dispatch rule is a simple heuristic rather

than an optimised schedule.

2.4. Receiver maintenance policies and electricity ledger

When the field is not collecting, the receiver must stay above a guard temperature 7, =
Tin + 12 K. The baseline T, is 238°C for Solar Salt and 12°C for VP-1. Three policies are

compared:

1. Steady: the receiver heat loss at T, is supplied electrically in every non-collecting hour.

2. Thermal inertia: a lumped receiver inventory of fluid and metal cools from the cold-header
temperature on a 300 s internal step, and heating starts only when it reaches T,. Before
collection resumes, solar heat must reheat the inventory to 290°C; this start-up debit is

subtracted from delivered heat.
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3. Inertia with storage supply: as policy 2, but the heating demand is met from storage when

the storage delivery temperature exceeds 7T'; this heat is then unavailable for generation.

Electric heating is assumed to convert electricity to heat at unity efficiency. A receiver-off case,
which ignores freeze protection, is computed as an explicit counterfactual. For lower T},;,, the
Solar Salt sensible-property correlation is retained and extrapolated; no phase change, draining
or supercooling credit is modelled.

At each hour the ledger separates generation, on-site heating, export and import:
Eexp,t = max(Egen,t - Eheat,r, 0), Eimp,t = maX(Eheat,z‘ - Egen,ts 0). &)

2.5. Cost model and exergy indicator

Capital cost comprises the field at 1200 CNY m~2, storage at 155 CNY kWht’l, an oil-salt
exchanger increment of 140 CNY kWht‘h1 for the indirect plant, and the power block at 7.8 x 10°
CNY MW, ! of net rating. Annual O&M is 2% of capital, project life 30 years and discount
rate 8%. These values form a common screening basis rather than traced procurement prices;
Section [4.6|checks the storage values against current raw-material prices, and Section varies

them. With annualised cost C, = CAPEX (CRF + 0.02), two conventions are reported:

Ca Ca + ertEimp,t

LCOE,,; = LCOE,,, = - (6)
exp

exp — Eimp
The net-energy convention charges imported electricity at the plant’s own cost; the export con-
vention buys it at the tariff p, of 1.2/0.6/0.3 CNY kWh~! for peak, flat and valley hours (peak
10:00-13:00 and 18:00-21:00; valley 23:00-06:00). The tariff is illustrative, not a contracted
Golmud price. Solar exergy follows Petela[37], and the design-point stream exergy increment is

AB = Tf’z p(T)(1 = To/T)dT.

2.6. Parity search and cost scan

The parity temperature is the 7T,,, at which the lowest salt levelized cost over the storage
candidates equals the lowest oil levelized cost. Storage candidates are every integer hour from
0 to 12 h; the reporting matrix in Table[Z] also uses a coarser 0/3/6/9/12 h grid. T,,;, is scanned
from 90 to 240°C in 1 K steps on a pre-computed library of annual results. Each bracketed
crossing is then refined with Brent’s method on the full annual model, to 0.01 K and a cost

residual below 0.01 CNY MWh~!. To test cost sensitivity, the salt and oil storage cost bases are
7
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multiplied independently by 0.5, 0.75, 1, 1.25, 1.5, 2 and 3, giving 49 combinations under each
of the two conventions. Storage duration is re-selected for every combination and temperature.
A combination with no crossing in 90-240°C is reported as such; this finite scan does not prove

that no crossing exists outside it.

3. Model verification

The receiver model was compared with the 11 measured heat-loss points of the PTR70
test[36]], matching the measured absorber temperature at each point (Fig. [2] left). The mean
absolute difference is 3.29 W m~! and the maximum is 12.38 W m~!. Because the emittance cor-
relation comes from the same receiver class, this is a calibration-consistency check rather than
an independent validation.

Axial discretisation converges quickly at design irradiance (Fig. 2} right). With the power-
block rating frozen, 8 and 16 segments differ in annual net electricity by —0.073% for salt and
—0.001% for oil, and the parity temperature on the five-level storage grid moves by 0.43 K. Near
the 50 W m~2 collection cutoff, 4 and 16 segments differ by up to 5.59% in instantaneous useful
heat; 16 segments are therefore used throughout. The storage ledger closes to within 9.5 x 1077
J per hourly step in all 103 annual cases, and receiver standby heating changes by about 1%

between 600 and 60 s internal steps.

Calibration consistency Design-point axial march

S
5007 ® Reported measurement b4 E 0.7 1 —@— Salt
Receiver model 5 0il
g 0.6
400 2
@
f-g\ '7 © 0.5
2 300 g 04
© 0.
g o S
2 S 03
% 200 % g
O
= 2 g 02+
&
100 4 =
. 0.1+
| =5
o @ © % 0.0
T T T T T T T T T ] T T T T T T T T
100 150 200 250 300 350 400 450 500 2 4 6 8 10 12 14 16
Measured absorber temperature (C) Axial enthalpy segments

Figure 2: Model checks. Left: receiver heat loss against the 11 PTR70 measurements (calibration consistency). Right:

design-point useful heat relative to the 16-segment solution versus the number of axial segments.

At the direct-delivery design point the solar exergy account closes (Fig.[3). Net electricity

is 29.3% of incident solar exergy for salt and 25.7% for oil. The salt plant’s higher delivery
8
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temperature therefore gives it a clear design-point advantage, which the annual results below

must overcome.

Salt; total = 100% Oil; total = 100%

70 70
~ 60 58.38% 60 60.29%
> X
£ 504 § 504
= =
o o
<] &
& 40 A & 40
> >
& 5
g 30 g 30
8 s 25.72%
3 g
3 20 1 3 20 A
° 12.30% @ 13.99%

10 4 10 4

0- 0-
Field losses TES PB losses Net Field losses TES PB losses Net
+ unutilized (bypassed) + unutilized electricity + unutilized (bypassed) + unutilized electricity

Figure 3: Design-point solar exergy account with direct delivery (storage bypassed). Field and power-block bars include

both losses and unutilised exergy leaving the boundary.

4. Results

4.1. The freeze-protection burden, not air density, drives the site effect

With steady maintenance, the 6 h salt plant uses 206.5 MWh of electricity per year to keep
its receiver at 250°C; the 3 h oil plant uses 5.7 MWh. This salt demand equals 18.4% of the
net output the same plant would deliver without freeze protection (1120.8 MWh). It is nearly
constant through the year, between 16.1 and 18.3 MWh per month (Fig. ), because the receiver
is held about 250 K above ambient in every season. The oil demand is small and seasonal, from
0.23 MWh in July to 0.74 MWh in December and January.

Air density matters much less. Moving the air properties from 0 to 2801 m with fixed weather
changes the salt plant’s annual net output from 913.30 to 914.32 MWh (+0.11%) and its receiver
heating from 206.73 to 206.48 MWh. The oil plant’s net output changes from 977.75 to 977.74
MWh. Lower density reduces external convection from the glass envelope, but in an evacuated
receiver this term is small next to the freeze-protection demand. At this site the relevant altitude

effect is therefore the cold climate and long non-collecting hours, not the thin air.
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Figure 4: Monthly heating electricity for the 6 h designs on the Golmud TMY under steady maintenance. Receiver

heating and supplementary tank heating are shown separately.

4.2. Annual ranking and storage duration

Table2]and Fig. [5]show how freeze protection reverses the ranking. Under clear-sky weather

with no receiver maintenance, salt is 16% cheaper than oil. On the TMY without maintenance,

salt is still 12% cheaper (738.7 against 840.9 CNY MWh™!). Steady maintenance raises the salt

cost t0 905.5 CNY MWh~! but changes the oil cost only from 840.9 to 846.0 CNY MWh™!, 50 oil

becomes 6.6% cheaper. Re-optimising storage over integer hours moves the oil optimum from

3 to 2 h (843.7 CNY MWh™!) and keeps the salt optimum at 6 h; the ranking does not change.

Scaling the optical input by +5% does not change it either: at +5%, salt (6 h) costs 8§56.9 and oil

(3h) 822.5 CNY MWh!.

Table 2: Lowest net-energy levelized cost on the 0/3/6/9/12 h storage grid.

Weather / receiver maintenance HTF  Storage (h)  Net output (MWh) LCOE,,, (CNY MWh™')
Clear sky / off Salt 6 1905.7 434.5
Clear sky / off Oil 3 1532.0 516.9
TMY / off Salt 6 1120.8 738.7
TMY / off Oil 3 941.8 840.9
TMY / steady Salt 6 914.3 905.5
TMY / steady Oil 3 936.2 846.0

10
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Figure 5: Net-energy levelized cost against storage duration. Left: clear-sky counterfactual without receiver maintenance.

Right: Golmud TMY with steady receiver maintenance.

4.3. Maintenance policy and electricity accounting

How the receiver is kept warm changes the gap but, under the net-energy convention, not the
ranking (Fig. [6). Allowing the receiver to cool on its thermal inertia lowers the salt cost from
905.5 to 892.9 CNY MWh™! (6 h), and supplying the remaining demand from storage lowers it
further to 872.3 CNY MWh™!, because 33.7 MWh of stored heat replaces electric heating. For
oil the inertia policy is worse than steady heating (866.5 against 846.0 CNY MWh~! at 3 h): its
standby loss is small, but reheating the cooled inventory before each start costs 91.3 MWh of
solar heat per year.

The accounting convention matters more. Under the export convention, imported electricity
is bought at the time-of-use tariff, which is mostly the valley or flat price at night, rather than
at the plant’s own cost. Salt then costs 843.9 CNY MWh~! with steady maintenance and 825.3
CNY MWh~! with inertia and storage supply, against 841.7 CNY MWh~! for oil. The best salt
option is therefore 2% cheaper than the best oil option under the export convention and 3% more
expensive under the net-energy convention. A ranking at this site is only meaningful once the

accounting rule is stated.

4.4. The parity freezing limit

Lowering the minimum operating temperature lowers the guard temperature and with it the
steady receiver loss. Figure[7]shows the result on the hourly storage candidates. The salt lower
envelope reaches the 2 h oil optimum at 7,,;, = 196.5°C, 41.5 K below the 238°C baseline. On

11
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Figure 6: Levelized cost by receiver-maintenance policy for the 6 h salt and 3 h oil designs under the net-energy (left)

and export-based (right) conventions.

the coarser five-level grid, with a 3 h oil comparator, the crossing is at 198.4°C, so the storage
discretisation shifts the target by 1.9 K. Under the export convention the crossing is at 234.2°C,
only 3.8 K below the baseline, consistent with the near-parity found above.

The right panel of Fig. [7] converts the same curves into an allowable change in annualised
system cost, 0C,/C, = LCOE,;;/LCOE;; — 1, at unchanged output. At T,,;, = 90°C salt could
carry about 10% more annualised cost and still match oil. At 238°C it would need about 7% less.
This allowance applies to the whole system cost, not to the salt price alone; Section [f.6|converts

it into a salt price.

4.5. Sensitivity of the target and the storage optimum to storage cost

Storage cost moves both the optimal storage duration and the parity temperature. With inher-
ited costs, the salt optimum is 5-6 h over the scanned temperatures, and the leading candidates
lie within 0.1% of each other (Fig.[8h). Across the 49 net-energy cost combinations, the salt opti-
mum ranges over 2, 4, 5 and 6 h and the oil optimum over 0—4 h (Fig.[8b). The export convention
adds 7 h for salt. No combination selects more than 7 h for salt or 4 h for oil, so the 12 h upper
bound is never active. At a solar multiple of 2.5 and these cost levels, the plants favour short
storage, unlike the large-storage cases in which Dersch et al. found Solar Salt competitive[21].

Figure [9| maps the parity temperature over the cost combinations. Of the 98 combinations
and conventions, 61 have a crossing between 90 and 240°C. In 25 the salt envelope is cheaper

throughout the scanned range and in 12 the oil envelope is cheaper throughout. Under the net-

12
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and five-level (198.4°C) parity temperatures. Right: allowable change in annualised system cost relative to the best oil

design.
(b) Optimal duration at the salt 90 ° C floor
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Figure 8: Cost-optimal storage duration. (a) Salt optimum over the hourly candidates against the assumed minimum

operating temperature, with the band within 0.1% of the best and the oil optimum. (b) Distribution of the optimum over

the 49 net-energy cost combinations, evaluated at the 90°C scan floor.
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energy convention, halving the salt storage cost basis raises the target from 196.5 to 230.1°C, so
Solar Salt itself almost suffices; a 1.5-fold increase lowers it to 160.1°C and doubling to 119.2°C.
A 1.5-fold increase in the oil storage basis raises the target to 218.2°C. The target is therefore as

sensitive to the storage cost of the indirect oil plant as to that of the salt plant.
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Figure 9: Parity minimum operating temperature over the salt (columns) and oil (rows) storage-cost multipliers, under
the net-energy (left) and export-based (right) conventions. S or O: no crossing in 90-240°C because the salt (S) or oil

(O) envelope is cheaper throughout. The outlined cell is the inherited cost basis.

4.6. A ternary-salt-like window and the raw-material check

Real low-melting salts trade a lower freezing limit for a lower upper limit. Commercial
ternary Ca(NO3),-KNO3;—NaNO; mixtures are typically operated between about 170 and
500°C[21L 12l TableEltherefore adds a case with a 500°C hot side and T,;, = 170°C, computed
with the same model and storage re-optimised over 0—12 h. The Solar Salt sensible-property
correlation is retained, so this is a ternary-salt-like window rather than a model of a specific
product.

The lower hot side alone helps slightly: at 238°C, a 500°C field costs 889.5 against 905.5
CNY MWh™! at 540°C, because lower receiver losses outweigh the lower cycle efficiency. With
a 500°C hot side the parity temperature rises from 196.5 to 207.3°C. The ternary-like window
at 170°C lies 37 K below that target and gives 804.2 CNY MWh~!, 4.7% below oil. Under the
export convention the 500°C salt envelope is cheaper than oil over the whole 90-240°C range.

This agrees with Dersch et al., who found the ternary salt cheapest at all their sites[21]].
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Table 3: Effect of the salt operating window (Golmud TMY, steady maintenance). The allowance is LCOE ;;/ LCOE g1 —
1 against the 2 h oil optimum (843.7 CNY MWh™! net, 840.1 CNY MWh~! export).

Salt window Storage LCOE,.,, LCOE,,, Allowance Parity T,;,
(hot / Tyin, °C) (h) (CNY MWh™) (net) (net, °C)
540 / 238 (Solar Salt) 6 905.5 843.9 -6.8% 196.5
500 /238 64 889.5 831.2 -5.1% 207.3
500/ 170 (ternary-like) 5 804.2 780.5 +4.9% -

“Best of 3, 6 and 9 h. The 500°C parity temperature uses hourly candidates.

The inherited storage cost can be compared with current raw-material prices. A domestic
quotation of 4.10 CNY kg~' for nitrate salt was used; it does not specify grade, tax or delivery
terms. With the model’s sensible-enthalpy integral, a 540/290°C direct store holds 378.6 kJ
per kilogram of salt, or 9.51 kg kWh;ll, which is 39 CNY kWh;l1 of salt, or 25% of the 155
CNY kWh,‘h1 basis. The 375/305°C indirect store holds only 105.1 kJkg™!, so it needs 34.3
kgkWh! and 140 CNY kWhy,! of salt, 48% of its 295 CNY kWh;,! basis. Both shares are
plausible for two-tank storage, where tanks, insulation, foundations and heat exchangers make
up the rest[[16}|38]]. Because the indirect store needs 3.6 times more salt per unit of stored energy,
a change in salt price changes the oil plant’s storage cost more than the salt plant’s. This is one
reason why the parity target in Fig. [9responds to the oil cost basis.

The same calculation gives a price allowance for the ternary-like window. Its 4.9% allowance
corresponds to 0.37 million CNY of extra capital for the 5 h plant. Its 500/290°C store needs
11.3 kg kWht‘hl, so the 4363 kWh,, store holds 49.5 t of salt, 8.0 t more than a 540°C store of
equal capacity; the flat 155 CNY kWht‘hl basis does not price that extra salt. After deducting it,
the allowance would still tolerate a ternary salt price of about 10.8 CNY kg!, 2.6 times the Solar

Salt quotation, if all extra cost were in the storage inventory. Salt in the field piping and receivers

is not costed separately in the model, so this is an upper estimate.

5. Discussion

5.1. What sets the target

The salt plant’s freeze-protection demand is almost independent of season (Fig.[). Itis set by

how many hours the field is idle and by how far the guard temperature lies above ambient, and at
15
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250°C the guard term dominates. A cold winter adds only a few percent to this demand, whereas
the oil demand triples. Lowering the freezing limit therefore acts on the largest term, which
explains why the parity target is a temperature and why it lies at about 197°C rather than close to
ambient. The same mechanism makes storage-supplied maintenance attractive, as Dersch et al.
also recommend(21]]. In this plant, however, storage supply alone does not close the gap under

the net-energy convention.

5.2. Implications for salt development

For a salt to be useful at this site, its operating minimum, including the guard margin and the
liquidus or crystallisation temperature, must lie below roughly 197°C for a 540°C plant, or 207°C
for a 500°C plant. A low melting onset is not enough: Bonk et al. report a quaternary salt with
a melting onset of 99.4°C but a liquidus of 136.3°C, with stability limited to about 500°C[l17],
and a quinary nitrate/nitrite mixture shows crystallisation values that drift upward from 122.4
to about 129.5°C after thermal cycling[[19]. On those figures, several published low-melting
candidates would pass the temperature target with margin. Whether they are worthwhile then
depends on their upper limit, long-term stability, corrosion behaviour and price. The ternary-like
case suggests that a salt operating between 170 and 500°C could cost up to about 2.6 times as

much as Solar Salt in the storage inventory and still break even with oil at Golmud.

5.3. Limitations

The plant is a one-loop equivalent (0.34 MW,) with costs scaled linearly; a utility-scale
plant adds fixed costs, header and piping inventory, and start-up effects that may change the
comparison[39]. The power block uses a fixed fraction of Carnot efficiency, and the oil-salt
exchanger is pinch-feasible but has no UA or pressure-drop design. Receiver maintenance uses
a lumped inventory without joints, headers or heat-tracing zones, and no draining or freeze-
recovery strategy is modelled. The capital costs are a screening basis; the raw-material check
supports their order of magnitude but not a procurement estimate. Salt properties below 238°C
are extrapolated from the Solar Salt correlation. Finally, one TMY does not cover inter-annual or
extreme-cold variability. The receiver model is consistent with laboratory heat-loss data, but field

measurements of freeze-protection electricity would be needed to confirm the absolute demand.

16



282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

6. Conclusions

An hourly model of a one-loop parabolic-trough plant at Golmud compared direct Solar Salt

with thermal oil and indirect salt storage under electric freeze protection. The main findings are:

1.

Steady electric receiver maintenance costs the 6 h salt plant 206.5 MWh per year, 18.4%
of its output without freeze protection, against 5.7 MWh for oil. This reverses a 12%
salt advantage into a 6.6% oil advantage in net-energy levelized cost (905.5 against 846.0

CNY MWh).

. Air-density effects at 2801 m change annual output by only 0.11%. The site effect comes

from the freeze-protection burden, which is nearly constant through the year.

With storage re-optimised over hourly candidates, salt matches oil when its minimum oper-
ating temperature falls to 196.5°C (net-energy convention) or 234.2°C (export convention).
Across 98 cost and accounting combinations, 61 have a parity temperature between 90 and
240°C, and the cost-optimal storage stays between 0 and 7 h.

Thermal-inertia operation and storage-supplied maintenance reduce the salt cost to 872.3
CNY MWh™!; under the export convention they make salt 2% cheaper than oil.

A ternary-salt-like window of 170-500°C gives 804.2 CNY MWh™!, 4.7% below oil, and
would tolerate a storage salt price of about 10.8 CNY kg~!, 2.6 times the Solar Salt quota-

tion used here.

These figures give material developers a concrete target and show that storage cost, maintenance

policy and electricity accounting must be stated alongside any claim that a salt is cheaper than

oil at a cold site.
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Nomenclature

A Aperture area (m?)

C, Annualised fixed cost (CNY yr~!)

CRF Capital recovery factor

E Energy (MWh)

h Specific sensible enthalpy (Jkg™')

B Exergy rate (W)

m Mass flow (kgs™')

D Electricity tariff in hour  (CNY kWh™')

T., Ty, T, Cold, hot and guard temperatures

T onin Minimum operating temperature of the HTF
LCOE Levelized cost of electricity (CNY MWh™')
TES Thermal energy storage

™Y Typical meteorological year
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