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Abstract

The intercept factor of a parabolic-trough collector is routinely treated as a fixed constant, which
obscures how it scales with aperture and with the deployment site. We promote the intercept
factor to an analytical error-cone model – an explicit function of aperture, optical error budget,
and absorber diameter – and couple it to site altitude through a wind-load-induced slope-error
term in which reduced air density at altitude lowers the wind dynamic pressure on the mirror.
Sweeping aperture to 8.6 m, the model’s geometric intercept (≈ 0.99 for the EuroTrough geom-
etry) is consistent with the peer-reviewed EuroTrough/LS-2 optical record and, after calibrating
a single slope-error parameter, matches third-party element-level measurements of two 8.6 m
molten-salt collectors (CGN, 80 mm, 0.966; Longteng, 90 mm, ≥ 0.98) to within 1%. The main
result is a scaling law we call the altitude–wind synergy: the optical benefit of high-altitude siting
grows monotonically with aperture, because a wide aperture both narrows the optical acceptance
margin and amplifies wind-load deformation – exactly the term that altitude relieves – so large
apertures gain disproportionately. The sign and aperture-scaling of the gain are robust across the
full published range of the wind-deformation parameters; its magnitude (illustratively, the inter-
cept gain from sea level to 2801 m rises from about +2 × 10−3 at 5.77 m to +24 × 10−3 at 8.6 m
for a representative coefficient) is set by structural parameters not yet measured. Error-cone op-
tics coupled with altitude–wind-load physics is therefore a necessary, analytically reproducible
design tool for the large-aperture troughs now being deployed on high plateaus.

Keywords: parabolic trough collector, intercept factor, error cone model, large aperture, wind
load, altitude effect

1. Introduction

Parabolic-trough systems are the most commercially mature concentrating solar power tech-
nology, and the adoption of molten salt as the heat-transfer fluid has raised operating tempera-
tures and enabled low-cost sensible heat storage [1, 2, 3, 4, 5, 6]. The drive to reduce cost has
pushed collector aperture steadily upward – from the 5.77 m LS-3/EuroTrough class to the 7.5 m
Ultimate Trough [7] and now to 8.6 m molten-salt collectors entering pilot and demonstration in
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western China [8, 9, 10]. Molten salt has also been demonstrated internationally as a trough-field
heat transfer fluid at the 3.5 MWth Évora platform [11]. A wider aperture raises the geometric
concentration ratio and cuts the steel and loop count per unit field, but it concentrates the opti-
cal performance onto a smaller relative absorber image, making the intercept factor increasingly
sensitive to optical error – precisely the regime in which a fixed-value intercept becomes inade-
quate.

This aperture growth is concentrated in a setting that compounds the optical challenge. Much
of the new trough capacity is being built at high elevation, with China now leading global
concentrating-solar deployment [12, 13, 10]: the 8.6 m molten-salt collectors noted above are
destined for plants at Golmud (350 MW) and Delingha (300 MW) in Qinghai and at Wumatang
(50 MW) in Tibet [8, 9], on plateaus between roughly 2800 and 4000 m; Delingha is also the site
of a documented commercial trough solar field dynamic model [14]. At those elevations the air
is roughly a quarter to a third less dense than at sea level (about 29% at the 2801 m site used for
the quantitative results below), which alters both the convective heat loss from the receiver and
the wind loading on the mirror. Lower pressure can also raise clear-sky DNI through reduced
atmospheric attenuation [15], but that resource-side benefit is outside the scope of this paper. The
receiver heat-loss pathway is the subject of the companion paper; the wind-load pathway – how
reduced air density feeds back, through wind-induced slope error, into the intercept factor of a
large-aperture collector – is the subject here.

In most system-level trough models the intercept factor is nonetheless treated as a constant
calibrated to a single collector [16, 17], which hides the aperture dependence that matters at
large scale and severs any link to the operating environment; recent trough-modelling effort
has likewise concentrated on receiver-side heat transfer rather than aperture-scale optics [18].
Analytical error-cone formulations have long been available [19, 20] but are seldom used to
ask how the intercept scales with aperture, and still less how it couples to site conditions such as
altitude. Altitude is, in fact, almost absent from trough modelling: the most recent comprehensive
review of parabolic-trough heat loss lists neither elevation nor air pressure among its influencing
factors [21], while the high-altitude solar-thermal literature mainly treats flat-plate collectors,
district-heating collection networks, and pit storage rather than trough optics [22, 23, 24, 25,
26]. Operational field measurements further show that turbulent wind directly affects parabolic-
trough structural loads [27], but that wind-load pathway has not been translated into an altitude-
dependent intercept factor. The way this pathway strengthens with aperture has therefore not
been quantified.

This paper makes the intercept factor an explicit, analytically computed function of aper-
ture, optical error budget, and absorber diameter, and couples it to altitude through a physi-
cally grounded wind-load–slope-error term. We (i) build an error-cone intercept model, vali-
date its geometric intercept against the peer-reviewed EuroTrough/LS-2 optical record, and cal-
ibrate its slope-error level against third-party measurements of two 8.6 m molten-salt collectors;
(ii) introduce an altitude-dependent wind-load coupling bounded by a sensitivity analysis; and
(iii) show that the optical benefit of high-altitude siting grows disproportionately with aperture
– an altitude–wind synergy that makes 8.6 m collectors especially well suited to high plateaus.
The error-cone machinery itself is classical [19, 20]; the contribution is its use to derive an
aperture-scaling law for the intercept and to couple that law to air density, turning a static optical
calculation into a rule for jointly sizing and siting large-aperture collectors. Heat-transfer-fluid
selection, storage, and the broader techno-economics are treated in a companion paper [28]; here
the fluid is fixed to molten salt and the focus is the collector’s aperture-scale optics.
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Figure 1: Parabolic-trough optics (not to scale). A collimated ray reflected at a mirror element forms an error cone
of RMS width σtot; the intercept factor γ is the fraction of that cone falling within the local acceptance half-angle ∆θ
subtended by the absorber. Key geometric quantities: aperture width W, focal length f , rim angle φr , and absorber outer
diameter D.

2. Error-cone intercept model

The intercept factor γ is the fraction of rays reflected by the mirror that reach the absorber
tube. Rather than assign it a fixed value, we compute it analytically with the error-cone formu-
lation of Bendt et al. [19] and Güven and Bannerot [20], which makes γ an explicit function
of aperture width W, the optical error budget, and the absorber outer diameter D. This is the
property that lets us later couple it to altitude through a single error term (Section 4).

2.1. Collector geometry
The geometry is summarised in Fig. 1. For a parabolic trough of aperture width W and focal

length f , the rim angle is

φr = 2 arctan
(

W
4 f

)
, (1)

and the geometric concentration ratio for a cylindrical absorber of outer diameter D is

C =
W
πD
. (2)

Some industry reports quote the flat-aperture ratio W/D; we use the cylindrical-absorber con-
vention W/(πD) throughout. A mirror element at rim angle φ ∈ [0, φr] lies at a focal distance
s(φ) = f sec2(φ/2) from the receiver, so the absorber of radius R = D/2 subtends a local accep-
tance half-angle

∆θ(φ) =
R

s(φ)
=

R cos2(φ/2)
f

. (3)

The acceptance half-angle is therefore largest at the vertex and shrinks toward the rim, which is
what makes a wider aperture (larger φr) progressively harder to intercept. Throughout this paper
the focal length is scaled with aperture to hold the rim angle near 80◦ ( f ≈ W/3.36) – close to the
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value that maximises collected flux for a cylindrical absorber – so that the aperture comparison
is made at fixed rim geometry rather than confounded by a changing rim angle.

2.2. Optical error budget

Beam spreading is modelled as a single Gaussian cone of root-mean-square width σtot that
combines the independent contributions of the finite solar width, mirror slope error, specularity,
and tracking:

σ2
tot = σ

2
sun +

(
2σslope

)2
+ σ2

spec + σ
2
track. (4)

The slope error enters with a factor of two because a surface-normal deviation σslope deflects the
reflected ray by 2σslope. The four terms are the finite angular width of the solar disc (a 2.8 mrad
root-mean-square half-width), the mirror slope error, the specular spread of the reflective sur-
face, and the residual tracking error, with the latter bounded by the solar-position and tracking
calculation accuracy [29]. They are added in quadrature because they are mutually independent
and each is well approximated by a Gaussian; the convolution of independent Gaussians is itself
Gaussian, with variance equal to the sum of variances, which is what collapses the budget to the
single effective width σtot of Eq. (4) and permits the closed form of Eq. (5). Of the four, only the
slope error has a structural – and therefore size- and wind-dependent – component; the others are
essentially fixed material or celestial properties. The gravity-load slope error σslope,grav is taken
as a fixed structural property (Section 3); in Section 4 we add a wind-load term in quadrature,
σ2

slope = σ
2
slope,grav + σ

2
slope,wind.

2.3. Aperture-weighted intercept factor

For a Gaussian error cone, the fraction of power from a mirror element that falls within the
local acceptance half-angle is erf

(
∆θ/(

√
2σtot)

)
; this is the convolution of the angular error distri-

bution with the angular size of the absorber, and is exact whenever the individual error sources are
independent and approximately Gaussian. Each mirror element must then be weighted by the re-
flected power it collects. Because the aperture coordinate of an element follows x = 2 f tan(φ/2),
equal increments of rim angle span an aperture width dx = f sec2(φ/2) dφ; under uniform colli-
mated illumination the collected power per unit rim angle is therefore proportional to sec2(φ/2).
Weighting by this factor and integrating over the rim angle gives the collector intercept factor

γ =

∫ φr

0
erf

(
∆θ(φ)
√

2σtot

)
sec2(φ/2) dφ∫ φr

0
sec2(φ/2) dφ

. (5)

A non-random tracking offset µ is handled by replacing the local intercept with 1
2
[
erf((∆θ +

µ)/(
√

2σtot))+ erf((∆θ− µ)/(
√

2σtot))
]
. Equation (5) is evaluated by trapezoidal quadrature over

a uniform 400-point rim-angle grid – at which γ is converged to better than 10−5 (doubling the
grid changes it by under 10−6, well below the ∼ 10−3 gains discussed later) – and is imple-
mented as a pure function for independent reproduction (msptc/optics/intercept.py; see
Data availability). Equation (5) is a purely optical, geometric intercept: it excludes end losses,
row-to-row shadowing, soiling, and tracking availability, which are the additional factors folded
into the lumped intercepts reported for installed collectors and which we reconcile in Section 3.
In the limit ∆θ ≫ σtot everywhere – a small aperture or a large absorber – every error function
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Figure 2: Pure-geometric intercept factor (static optical budget, before the wind loading of Section 4) versus aperture
width from the error-cone model, for 70, 80, and 90 mm absorber outer diameters.

saturates and γ → 1; the design-relevant regime is the opposite one, in which the rim-angle rays
approach ∆θ ∼ σtot and the integrand begins to fall below unity.

Figure 2 shows the resulting γ(W) for three absorber diameters. At fixed optical error a wider
aperture lowers γ, because the rim-angle rays in Eq. (3) see a smaller acceptance angle, while
a larger absorber raises γ by enlarging ∆θ everywhere. The drop is gradual up to the Ultimate-
Trough range and then steepens: with a 70 mm absorber, γ falls from 0.99 at 5.77 m to 0.96 at
7.5 m and 0.93 at 8.6 m, whereas a 90 mm absorber holds it at or above 0.98 across the same span.
The 80 mm curve bridges these limits and corresponds to the CGN large-aperture validation point
used in Fig. 4. This is the first design lever the model exposes – absorber diameter must scale
with aperture to preserve the intercept – and it sits against the opposing trade that a larger aperture
raises the concentration ratio (Eq. (2)) and lowers relative thermal loss (Fig. 3), using receiver
heat-loss levels consistent with the PTR70 experimental benchmark [30].

3. Validation against measured intercepts

A collector’s intercept factor is reported in two distinct senses that must not be conflated.
The error-cone model of Section 2 returns a pure optical-geometric intercept – the fraction of
specularly reflected rays reaching the absorber under the error budget alone. Field and design
reports more often quote a lumped intercept that additionally folds in end losses, row-to-row
shadowing, soiling, and tracking availability, and so sits lower. We validate the model against
both, comparing like with like, using the static (wind-free) budget so that the comparison probes
the optical quality of the collector rather than its operating wind state.

Because the model computes a pure geometric intercept, the most direct test is against in-
tercepts measured at the solar-collector-element (SCE) level under clean, controlled conditions,
where field losses are minimised. Two independent 8.6 m molten-salt collectors have been char-
acterised this way. A single free parameter, the gravity-slope error, is calibrated to them: with
σslope,grav = 2.5 mrad the model returns γ = 0.962 for the CGN 8.6 m / 80 mm collector (mea-
sured 0.966) and γ = 0.979 for the Longteng 8.6 m / 90 mm collector (measured ≥ 0.98) –
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Figure 3: Geometric concentration and relative thermal loss (field heat loss as a fraction of incident power) versus aperture
(absorber OD 70 mm). Absolute receiver heat loss is nearly constant, but the collecting area grows with aperture, so a
larger aperture both raises the concentration ratio and lowers the relative thermal loss.

within about 1% in each case (Fig. 4). Because one parameter is tuned to two closely spaced
targets, this agreement is best read as a calibration and consistency check rather than an indepen-
dent validation; its value is that a single, physically reasonable slope error – consistent with the
EuroTrough/LS-2 record discussed next – simultaneously fits two collectors of different absorber
diameter. We emphasise that these are industry-reported values from a manufacturer pilot and
a conference presentation [8, 9], not peer-reviewed measurements, and that they probe the static
optical budget rather than the wind coefficients of Section 4. The qualification conditions are
nonetheless demanding: the CGN collector was characterised on an outdoor pilot platform with
mirror form measured by laser 3D scanning and stable operation reported down to −23 °C and
in gale-force wind, while the Longteng intercept was obtained from full-scale loading tests of a
complete collector element [9]. This supports reading the reported values as element-level op-
tical intercepts rather than annualised field figures, and so as the right quantity to compare with
the model.

The peer-reviewed literature constrains the same geometric intercept indirectly. For the Eu-
roTrough geometry (5.77 m, 70 mm absorber, f = 1.71 m – the actual EuroTrough focal length,
essentially equal to the scaled W/3.36) the model returns γ = 0.991. This near-unity value is
consistent with the high peak optical efficiencies measured for these collectors – 74.1% for Eu-
roTrough ET150 and 73.6% for LS-2 with clean evacuated receivers [31, 32] – once mirror re-
flectance, glass transmittance, absorptance, cleanliness, shading, and end losses are accounted for
separately, as they are in any system model. By contrast, the intercepts of 0.92–0.95 frequently
quoted for the same collectors [2] are lumped figures that already fold in those field losses; adopt-
ing such a value as the geometric intercept while also applying cleanliness and shading factors
would double-count them. This is why σslope,grav is anchored to the element-level optical mea-
surements rather than to the lumped field figure: an earlier 3.5 mrad estimate, chosen to force
the EuroTrough geometric intercept down into the lumped band, was discarded once the distinc-
tion was made explicit. The assumed 2.8 mrad solar RMS half-width – marginally above the
≈ 2.6 mrad Gaussian sunshape commonly adopted for these collectors – and the 2.5 mrad slope
error are consistent with the optical and slope-error measurements reported for them [32, 31].

Two caveats bound this validation. First, the only direct numeric intercept comparison is
against the 8.6 m industry data; the peer-reviewed literature constrains the geometric intercept
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Figure 4: Calibrated model versus measured intercept factor for 8.6 m large-aperture collectors (CGN, 80 mm, γ = 0.966;
Longteng, 90 mm, γ ≥ 0.98, plotted as a lower-bound marker). A single slope-error parameter is fitted to the two points;
the model then matches both to within 1%. The EuroTrough geometric intercept (≈ 0.99) is annotated as a model-only
reference because no directly comparable element-level intercept measurement is reported.

through optical-efficiency and slope-error measurements but does not itself report a directly com-
parable element-level intercept. Peer-reviewed intercept measurements of large-aperture collec-
tors would materially strengthen the validation. Second, the measurements validate the static
geometric budget only – the wind-load coupling of Section 4 is supported separately by the
sensitivity analysis of Section 5.

4. Wind-load–altitude coupling

The intercept model of Section 2 depends on site altitude through exactly one term: the wind-
load contribution to mirror slope error. We write the wind-induced slope error as the product
of a structural response coefficient, the wind dynamic pressure, and a dimensionless aperture-
amplification factor,

σslope,wind = cw q
(

W
Wref

)a

, q = 1
2ρ(z) v2

d, (6)

where q is the dynamic pressure of a design wind speed vd, Wref a reference aperture, and the
exponent a captures how slope deformation grows with aperture for a given structural design.
The wind term adds in quadrature to the gravity-load slope error, σ2

slope = σ
2
slope,grav + σ

2
slope,wind,

and feeds Eq. (4).
Altitude enters Eq. (6) solely through the air density ρ(z). Treating air as an ideal gas at the

ambient design temperature, with the U.S. Standard Atmosphere (1976) [33] pressure–altitude
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relation setting p(z),

ρ(z) =
p(z)
RaT
, p(z) = p0

(
1 − 2.25577 × 10−5 z

)5.25588
, (7)

where Ra = 287 J kg−1 K−1 and the temperature T is held at its design value, so that altitude
enters through the pressure alone. At fixed T the density at Golmud (2801 m) is then about 29%
below its sea-level value (the pressure ratio is 0.71), so the wind dynamic pressure q – and with
it σslope,wind – falls by the same factor. A higher site therefore reduces wind-induced slope error
and raises γ. This is the optical counterpart of the convective heat-loss reduction reported for
the same site in the companion paper; here altitude is admitted only through the wind/optical
channel, keeping the two studies orthogonal.

The form of Eq. (6) follows from a first-order moment balance rather than a detailed structural
model, and the exponent range can be bounded by a simple argument. Wind of dynamic pressure
q acting on the aperture exerts a force per unit collector length of order qW, which the space frame
transmits to the drive as a torque about the torque-tube axis of order qW ℓ, where the moment
arm ℓ ranges from roughly constant (pressure centre near the tube) to of order W (arm growing
with aperture). The torque therefore scales as qWa with a ∈ [1, 2]. Crucially, the deployed large-
aperture collectors hold torsional stiffness roughly constant with size – the RT86 8.6 m collector
reports a stiffness comparable to the 5.77 m EuroTrough [9] – so the induced slope error, torque
divided by a near-constant stiffness, inherits the same Wa growth. (Had stiffness instead been
scaled up with size, the wind term would weaken with aperture and there would be no synergy
to report; the constant-stiffness regime is what the cited data describe.) This is a falsifiable
scope condition rather than a universal structural law: if future full-scale measurements show
torsional stiffness increasing strongly with aperture, the altitude–wind synergy predicted here
would weaken or disappear for that collector family. Normalising to Wref = 5.77 m places the
EuroTrough at unit amplification: at this reference aperture the collector still carries a baseline
wind term cwq, and the factor (W/Wref)a then measures how the wind-load slope error of a larger
collector grows relative to that baseline. This nonzero baseline is why the sea-level-to-Golmud
intercept gain in Fig. 5 is already small but finite (+1.9 × 10−3) at 5.77 m. The exponent bracket
a ∈ [1, 2] is exactly this moment-arm range, and the sensitivity analysis spans it. The air density
itself falls smoothly with elevation, to 0.89, 0.78, and 0.71 of its sea-level value at 1000, 2000,
and 2801 m, so a plant on the Qinghai–Tibet plateau operates under roughly three-quarters of the
sea-level wind loading at any given wind speed.

The solar, specularity, tracking, and gravity-slope terms are fixed optical properties (Table 1).
The coefficient cw, by contrast, sets the absolute deformation per unit dynamic pressure of a par-
ticular structure and cannot be inferred from the static intercept measurements of Section 3; we
therefore treat it as a representative engineering coefficient and report results across a sensitivity
band rather than at a single value. The central curves use cw = 1.7 × 10−5 rad Pa−1 and a = 1.5;
the band cw ∈ [1.0, 2.5] × 10−5 and a ∈ [1.0, 2.0] (Table 1) is what bounds the synergy of Sec-
tion 5. Because cw is unmeasured, we draw no conclusion from the absolute magnitude of the
predicted gain – only from its sign and its growth with aperture, both of which hold across the
entire band. Because the synergy is the difference in intercept between two elevations at a com-
mon design wind speed, vd enters the dynamic pressure identically at both sites and sets only the
overall magnitude of ∆γ; it does not change the sign or aperture-scaling that we interpret.

8



Table 1: Optical error budget and wind-load coupling parameters. The solar, specularity, and tracking terms and the
gravity-load slope error are fixed inputs (σslope,grav back-calibrated in Section 3); cw and a are representative engineering
coefficients bounded by a sensitivity band rather than measured directly.

Parameter Symbol Default Range Basis

Solar beam spread σsun 2.8 mrad — fixed optical input
Gravity slope error σslope,grav 2.5 mrad — back-calibrated

(Section 3)
Specularity error σspec 1.0 mrad — fixed optical input
Tracking error σtrack 1.0 mrad — fixed optical input
Reference aperture Wref 5.77 m — EuroTrough geometry
Design wind speed vd 10 m s−1 — nominal operating

wind
Wind-response coeff. cw 1.7 × 10−5

rad Pa−1
1.0–2.5 × 10−5 stiffness-constrained

Aperture exponent a 1.5 1.0–2.0 engineering scaling

5. Altitude–wind synergy

Combining the aperture dependence of the intercept factor (Section 2) with the density de-
pendence of the wind-load term (Section 4) yields the central result of this paper: the optical
benefit of high-altitude siting is not uniform across collector sizes but grows with aperture. Fig-
ure 5 plots the intercept-factor gain ∆γ = γ(2801 m) − γ(0 m) against aperture for a fixed 70 mm
absorber, isolating aperture as the sole variable. Both intercepts in each pair carry the operating-
wind load of Section 4, so each sea-level value lies below the wind-free intercept of Fig. 2; the
synergy is the change between them. The gain rises monotonically and strongly super-linearly
with aperture; for the representative coefficients of Table 1 it is +1.9, +12.0, and +24.3 × 10−3

at 5.77, 7.5, and 8.6 m – more than an order of magnitude larger for the large-aperture collec-
tor than for the EuroTrough-class reference. These magnitudes are illustrative: they scale with
the unmeasured cw (Section 4), so the robust content of the figure is the monotone, super-linear
growth of the gain with aperture, not its absolute size.

The mechanism follows directly from the model. Slope error enters γ through the acceptance
margin ∆θ/σtot (Eq. (5)); at a wide aperture the rim-angle rays have the smallest margin (Eq. (3)),
so γ there is the most sensitive to any change in σtot. The wind contribution to σtot is itself
amplified by aperture through (W/Wref)a (Eq. (6)), and altitude relieves precisely this term. The
two aperture dependencies compound: the collector most penalized by wind-load slope error at
sea level is also the one that gains the most when reduced air density removes that penalty. Large-
aperture troughs are therefore disproportionately favoured by high-altitude siting on the optical
channel alone – before the convective heat-loss reduction quantified in the companion paper is
added. The 70 mm absorber is used in Fig. 5 only to isolate the aperture scaling; deployed 8.6 m
collectors adopt 80–90 mm tubes that lift the absolute intercept back above 0.95 (Fig. 4).

This conclusion is robust to the uncertainty in the wind parameters. Across the full sensitivity
band of Table 1 – the nine (cw, a) combinations – the 8.6 m altitude gain remains strictly positive:
for the 70 mm geometry of Fig. 5 it spans +5.7 to +67.2 × 10−3 (central value +24.3), and for
the deployed 90 mm configuration +2.8 to +47.7× 10−3 (central +13.5). The sign of the synergy
never reverses, even though its magnitude varies by an order of magnitude with cw and a; the
claim is thus a first-order design rule, not an artefact of a single parameter choice. The wide
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Figure 5: Altitude–wind synergy: the intercept-factor gain ∆γ from sea level to Golmud grows with aperture (+1.9,
+12.0, +24.3 × 10−3 at 5.77, 7.5, 8.6 m), evidencing disproportionate benefit for large apertures. Absorber fixed at
70 mm to isolate aperture as the sole variable. The shaded band spans the nine (cw, a) wind-load cases of Table 1; each
∆γ value is the difference between the Golmud and sea-level wind-loaded intercepts at the same design wind speed
(vd = 10 m s−1).

magnitude range is also why we present the effect as a scaling law and a sign, and defer an
absolute prediction to a structural characterisation of the specific collector.

6. Discussion

6.1. Analytical error cone versus ray tracing

The error-cone integral of Eq. (5) is the analytical counterpart of the Monte-Carlo ray tracing
routinely used to evaluate trough optics. Both take the same physical inputs – a solar angular
profile and a slope/specularity/tracking error budget – but the analytical form returns the intercept
in closed quadrature, at negligible cost and free of statistical noise, which is what makes the
aperture and altitude sweeps of this paper, and their sensitivity bands, tractable. Its price is the
Gaussian, axisymmetric error assumption of Eq. (4): it cannot represent a structured slope-error
map, astigmatism that varies along the collector, or non-Gaussian specular tails. For the design-
stage questions addressed here – how the intercept scales with aperture and how it responds to
a change in air density – these are second order; a structured ray trace would refine the absolute
intercept but would inherit the same aperture and density dependences that drive the synergy.

6.2. Design implications

Three levers follow from the model. First, absorber diameter must scale with aperture: Fig. 2
shows that holding a 70 mm tube while widening the aperture to 8.6 m costs about six points
of geometric intercept, almost all of which an 80–90 mm tube recovers – consistent with the
absorber choices of the deployed collectors. Second, the concentration ratio rises with aperture
(Eq. (2)), so a larger tube erodes the thermal advantage more slowly than it erodes the optical
one, and the two can be balanced rather than traded one-for-one. Third, and least intuitively,
siting interacts with size: because the altitude gain in intercept grows with aperture (Section 5),
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the largest collectors are precisely those whose optical performance benefits most from a high-
altitude site. A developer choosing a collector size for a plateau plant therefore has an optical
reason – independent of the thermal and economic arguments of the companion paper – to prefer
the larger aperture.

6.3. Why a constant intercept misleads at scale

Fixing the intercept to a single calibrated value, as standard trough system models do [16, 17],
is adequate when aperture and site stay near the collector for which it was calibrated. It fails in
exactly the regime this paper targets: extrapolated to 8.6 m a constant misses the steep, absorber-
dependent decline of Fig. 2, and being site-blind it discards the altitude synergy altogether. Pro-
moting the intercept to an analytical function of aperture, error budget, and air density restores
both dependences for the cost of a single quadrature, and does so transparently enough to be
reproduced and audited from the published code.

6.4. Limitations and outlook

Three limitations point to the natural next steps. The wind coupling is a scaling law cali-
brated to published stiffness data, not a structural model; a finite-element or wind-tunnel char-
acterisation of a specific 8.6 m collector would replace the sensitivity band of Table 1 with a
single calibrated curve and convert the synergy from a sign-and-scaling statement into an abso-
lute prediction. The Gaussian error budget could likewise be relaxed: a measured slope-error
map propagated through a ray trace would test whether real large-aperture mirrors depart from
the axisymmetric assumption in a way that matters for the intercept. Finally, the optical synergy
quantified here adds to, but is reported separately from, the convective-loss and freeze-protection
effects of the companion paper; a unified high-altitude collector model carrying both channels
would let the two be optimised together and would extend naturally to the 13 m apertures already
on manufacturers’ roadmaps.

7. Conclusions

We have promoted the parabolic-trough intercept factor from a fixed constant to an analytical
error-cone function of aperture, optical error budget, and absorber diameter, and coupled it to
site altitude through a single wind-load–slope-error term. After calibrating a single slope-error
parameter, the model matches third-party measurements of two 8.6 m molten-salt collectors to
within about 1%, with a geometric intercept consistent with the peer-reviewed EuroTrough/LS-2
optical record.

The central finding is a scaling law – the altitude–wind synergy. Because a wide aperture
both narrows the acceptance margin and amplifies wind-load slope error, the intercept gain from
reduced air density grows monotonically and super-linearly with aperture. Its sign and aperture-
scaling are robust across the full sensitivity band of the wind parameters, making them a first-
order design rule; the absolute magnitude (illustratively ∼+24×10−3 at 8.6 m for a representative
coefficient) awaits a structural measurement of cw. Either way, large-aperture troughs are opti-
cally well matched to high-altitude sites.

These results rest on a wind coupling calibrated to published stiffness data rather than mea-
sured directly, and on a validation that leans partly on industry-reported intercepts; both are
bounded – by the sensitivity analysis and by the peer-reviewed optical record respectively – and
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the routes to tightening them are set out in Section 6. Within these bounds, the coupled error-
cone/altitude framework offers an analytically reproducible, first-order optical design tool for the
large-aperture high-altitude troughs now entering deployment.

Nomenclature

Latin symbols
a aperture-amplification exponent (–)
C geometric concentration ratio (–)
cw wind-load response coefficient (rad Pa−1)
D absorber outer diameter (m)
f focal length (m)
p air pressure (Pa)
q wind dynamic pressure (Pa)
R absorber outer radius, D/2 (m)
Ra specific gas constant of air (J kg−1 K−1)
s focal distance of a mirror element (m)
T absolute temperature (K)
vd design wind speed (m s−1)
W aperture width (m)
x aperture-plane coordinate (m)
z site elevation (m)
Greek symbols
γ intercept factor (–)
∆γ altitude gain in intercept factor (–)
∆θ local acceptance half-angle (rad)
µ non-random tracking offset (rad)
ρ air density (kg m−3)
σtot total RMS optical beam error (rad)
σsun solar RMS angular half-width (rad)
σslope mirror slope error (rad)
σspec specularity error (rad)
σtrack tracking error (rad)
φ rim-angle coordinate (rad)
φr rim angle (rad)
Subscripts
grav gravity-load component
ref reference collector (EuroTrough, 5.77 m)
tot total
wind wind-load component
0 sea level
Abbreviations
CSP concentrating solar power
OD (absorber) outer diameter
RMS root mean square
SCE solar collector element
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