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 Abstract 
 

 The optimization of volumetric flow rate in parabolic trough collectors (PTCs) represents 

a complex thermo-hydraulic challenge, since an increase in flow rate improves convective heat 

transfer inside the receiver while also causing greater pressure losses and higher pumping power 

requirements. Traditional assessment approaches generally emphasize useful heat gain or 

thermal efficiency; however, such criteria alone may not identify the most suitable operating 

conditions when the hydraulic energy demand becomes considerable. This study develops an 

integrated thermal-hydraulic and exergy-based optimisation framework for determining the 

optimum volumetric flow rate of commercial heat transfer fluids in an LS-2 parabolic trough 

collector. Eight fluids Syltherm 800, Therminol 55, Therminol 59, Therminol 66, Therminol 

68, Therminol XP, Therminol VP1 and Therminol D-12 were analysed under identical collector 

geometry and operating conditions over an inlet-temperature range of 273.15-523.15 K.  

 The model combines optical energy absorption, receiver heat losses, internal convective 

heat transfer, pressure drop, pumping power, net useful power, exergy efficiency and entropy-

generation indicators. The thermal model was validated against the SEGS LS-2 experimental 

dataset, yielding a root mean square error of 0.79 K and a coefficient of determination of R² = 

0.99992 for outlet-temperature prediction. The results show that the optimum volumetric flow 

rate generally increases with inlet temperature because viscosity reduction improves hydraulic 

behaviour and allows stronger internal convection. However, the optimum does not correspond 

to the maximum flow rate; it occurs where the marginal thermal benefit is balanced by the 

additional pumping-power penalty. Therminol D-12 and Therminol VP-1 provide the most 

favourable overall behaviour under the investigated conditions because they combine 

comparatively high net heat gain with low pumping-power demand. Therminol 55 exhibits the 

strongest performance deterioration at elevated temperatures, indicating limited suitability for 

high-temperature operation. The entropy-generation interpretation confirms that flow-rate 

optimisation cannot be based on thermal efficiency alone, because hydraulic irreversibility and 

pumping-power penalty can offset the thermal benefit of stronger circulation. The proposed 

framework provides a physically consistent basis for temperature-dependent flow-rate control, 

heat-transfer-fluid selection and industrial PTC loop design in concentrated solar power and 

solar process-heat systems. 
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 1. Introduction 

 

 Solar thermal technologies are increasingly important for decarbonising electricity 

generation, industrial process heat, district heating, water treatment and hybrid renewable-

energy systems. Among concentrating solar thermal technologies, parabolic trough collectors 

(PTCs) remain one of the most technically mature and commercially relevant options because 

of their relatively simple optical configuration, established receiver design, compatibility with 

thermal storage and suitability for medium- to high-temperature heat delivery [1–5]. In a PTC, 

direct normal irradiance is concentrated by a parabolic mirror onto a linear absorber tube located 

along the focal line. A heat-transfer fluid (HTF) circulates inside the receiver and transports the 

absorbed thermal energy to a power block, thermal storage system or process-heat application. 

One of the key operational parameters in PTC systems is the volumetric flow rate. A higher 

flow rate usually enhances the convective heat-transfer process inside the absorber tube, 

decreases the temperature difference between the absorber surface and the working fluid, 

suppresses excessive local heating and may contribute to lower heat losses from the receiver 

[11–14]. On the other hand, increasing the flow rate leads to higher fluid velocity, which 

intensifies frictional effects, raises the pressure drop and increases the pumping-power 

requirement. As a result, a thermo-hydraulic compromise emerges: the operating condition that 

provides the maximum thermal energy gain does not necessarily correspond to the maximum 

net energy output once the power consumed for fluid circulation is taken into account [15–18]. 

In this regard, D.Y. Jalilov et al. investigated the influence of volumetric flow-rate variation on 

pressure drop and pumping power in parabolic trough collectors. Their study demonstrated that 

hydraulic losses become more pronounced with increasing flow rate. The reported results 

indicate that optimisation of the flow regime should not rely solely on heat-transfer 

improvement, but must also consider the associated pressure-drop and pumping-power 

penalties caused by intensified circulation. This consideration is especially important in large-

scale solar collector fields, where even relatively small increases in pumping demand may 

noticeably influence auxiliary energy consumption, operating expenses and the overall system 

efficiency. 

 The nature of this thermo-hydraulic balance is also highly dependent on the properties of 

the selected heat-transfer fluid.Commercial synthetic oils and silicone-based fluids, including 

Therminol VP-1, Therminol 66, Therminol 68, Therminol 59, Therminol 55, Therminol XP, 

Therminol D-12 and Syltherm 800, are widely used or considered in solar thermal and industrial 

heat-transfer systems because of their thermal stability, predictable property ranges and 

industrial availability [19–22]. However, these fluids differ substantially in density, heat 

capacity, dynamic viscosity, thermal conductivity, vapour pressure and recommended 

operating-temperature range. A fluid with favourable heat capacity may still be unattractive if 

its viscosity produces a large pumping-power penalty. Conversely, a fluid with low viscosity 

may reduce hydraulic losses but may require a higher mass-flow rate to deliver the same thermal 

output. Consequently, a fair comparison of HTFs requires simultaneous treatment of thermal 

performance, pressure drop and auxiliary pumping energy [23–26]. 

 Early and classical PTC modelling studies established the fundamental energy-balance 

and receiver heat-loss formulations. The SEGS LS-2 experimental dataset reported by Dudley 

et al. [1] remains one of the most widely used benchmarks for validating parabolic trough 

receiver models. Forristall [2] developed a detailed heat-transfer model of a parabolic trough 

receiver and demonstrated the importance of accurately representing receiver heat losses, 

absorber temperature and fluid-side convection. Odeh et al. [3] modelled parabolic trough direct 

steam generation collectors and showed that receiver thermal behaviour is strongly affected by 

optical and operating conditions. Kalogirou [4] and Fernández-García et al. [5] also reviewed 

the progress and practical applications of solar thermal collectors and parabolic trough systems, 

emphasizing their technological advancement and broad range of applications. These studies 

provide a strong foundation for thermal modelling, but the hydraulic side of collector operation 
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is often treated as a secondary consideration. 

 More recent research has focused on thermal enhancement through nanofluids, absorber 

modifications, inserts, turbulators and advanced receiver configurations [27–34]. Bellos and 

Tzivanidis [24, 25] reviewed and analysed the role of working fluids in concentrating solar 

thermal collectors and showed that fluid selection can substantially affect the thermal behaviour 

of PTC systems. Bellos et al. [26] also demonstrated that multi-criteria evaluation is necessary 

when receiver modifications or internal enhancements are used, because heat-transfer 

improvement may be accompanied by additional hydraulic losses. Mwesigye, Bello-Ochende 

and Meyer [14,15] investigated entropy generation and heat-transfer enhancement in parabolic 

trough receivers and showed that techniques improving thermal performance may also increase 

frictional irreversibility. Therefore, enhancement should be assessed not only through the heat-

transfer coefficient or Nusselt number, but also through the net energetic and exergetic benefit 

after pumping losses are included. In this context, thermal-hydraulic performance evaluation 

becomes more meaningful than thermal efficiency alone. 

 Exergy analysis and entropy-generation minimisation provide additional insight into the 

quality of solar thermal conversion. Kalogirou [35] showed that exergy analysis is essential for 

evaluating solar thermal collectors because thermal efficiency alone cannot describe the useful 

work potential of the collected heat. Ndukwu et al. [36] reviewed exergy-based assessments of 

solar thermal systems and emphasised that exergy indicators provide a more realistic measure 

of thermodynamic performance than energy efficiency alone. Mostafizur et al. [37] further 

demonstrated, using solar collector systems with different working fluids, that energy and 

exergy efficiencies may lead to different interpretations of system performance. Therefore, in 

the present study, exergy efficiency is used as a complementary indicator to net useful power 

rather than as a replacement for thermal-hydraulic optimisation. 

 Entropy-generation analysis further separates irreversibilities associated with finite-

temperature heat transfer from those associated with fluid friction. Mwesigye et al. [38] 

numerically investigated entropy generation in parabolic trough receivers and showed that both 

heat-transfer irreversibility and fluid-friction irreversibility must be considered when evaluating 

receiver performance. Bejan [9,40] established the theoretical basis for entropy-generation 

minimisation as a method for thermodynamic optimisation, while more recent solar-collector 

studies have applied this concept to evaluate irreversibilities in different receiver and working-

fluid configurations [39,41]. These studies indicate that an optimum flow rate exists because 

low flow rates intensify heat-transfer irreversibility, whereas excessive flow rates increase 

frictional irreversibility through higher pressure drop. 

 Although the above studies provide important thermal, hydraulic and exergetic insights, 

several gaps remain for practical PTC flow-rate optimisation. First, many previous studies 

evaluated thermal efficiency, pressure drop, pumping power or exergy as separate indicators, 

whereas real collector operation requires their coupled interpretation. Second, although Jalilov 

et al. [42] highlighted the importance of volumetric-flow-rate adjustment for pressure drop and 

pumping power, the integration of this hydraulic penalty with net useful power, exergy 

efficiency and entropy-generation indicators still requires further development. Third, 

comparative studies of several commercial Therminol-series and silicone-based fluids under 

identical LS-2 geometry, identical boundary conditions and a unified optimisation objective 

remain limited. Finally, optimisation studies frequently report the flow rate that maximises 

useful heat gain, but they do not always distinguish it from the flow rate that maximises net 

useful power after subtracting pumping-power consumption. 

 The present study addresses these gaps by developing an integrated thermal-hydraulic 

and exergy-based optimisation framework for volumetric flow-rate selection in an LS-2 

parabolic trough collector. The novelty of the work is not the use of standard heat-transfer and 

friction correlations alone, but their integration into a unified decision framework that couples 

receiver energy balance, internal convection, pressure drop, pumping power, net useful power, 

exergy efficiency and entropy-generation behaviour. This structure allows the optimum 
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volumetric flow rate to be interpreted as a physically meaningful balance between thermal gain 

and hydraulic penalty. 

 The objectives of this study are therefore to: (i) model the thermal and hydraulic 

behaviour of an LS-2 parabolic trough collector using temperature-dependent HTF properties; 

(ii) determine the optimum volumetric flow rate for eight commercial HTFs over a wide inlet-

temperature range; (iii) quantify the competition between useful heat gain and pumping-power 

penalty; (iv) introduce exergy and entropy-generation indicators to interpret thermal and 

hydraulic irreversibilities; (v) assess the sensitivity of the optimum flow-rate behaviour to 

operating and numerical parameters; and (vi) translate the results into engineering 

recommendations for heat-transfer-fluid selection and temperature-dependent flow-rate 

control. 

Nomenclature 

 
Symbol Description Unit 

A Area m² 

Aa Aperture area m² 

cp Specific heat capacity J kg⁻¹ K⁻¹ 

Di Receiver inner diameter m 

fD Darcy friction factor - 

Gb Direct beam solar irradiance W m⁻² 

hi Internal convective heat-transfer coefficient W m⁻² K⁻¹ 

k Thermal conductivity W m⁻¹ K⁻¹ 

K(θ) Incidence-angle modifier - 

L Absorber length m 

ṁ Mass-flow rate kg s⁻¹ 

Nu Nusselt number - 

Pp Electrical pumping power W 

Pr Prandtl number - 

Δp Pressure drop Pa 

Qabs Absorbed solar power W 

Qloss Receiver heat loss W 

𝑄̇𝑛𝑒𝑡 Net useful power W 

Qu Useful heat gain W 

Re Reynolds number - 

Ṡgen Entropy-generation rate W K⁻¹ 

T Temperature K 

V̇ Volumetric flow rate m³ s⁻¹ 

u Mean flow velocity m s⁻¹ 

ηth Gross thermal efficiency - 

ηnet Net thermal efficiency - 

ηex Exergy efficiency - 

ηp Pump efficiency - 

μ Dynamic viscosity Pa s 

ρ Density kg m⁻³ 

 

Subscripts: amb - ambient; f - fluid; fm - mean fluid; in - inlet; out - outlet; r - receiver; s - solar. 

  

2. Methodology 

 

2.1. Physical model and collector configuration 

The system considered in this study is an LS-2 parabolic trough collector module fitted 

with an evacuated receiver tube. The collector assembly includes a parabolic reflector, an 

absorber tube, a surrounding glass envelope and a solar tracking mechanism. Incident direct 

solar radiation is concentrated by the parabolic mirror onto the receiver surface. The selective 

coating on the absorber transforms the concentrated solar energy into thermal energy, which is 

then transferred to the heat-transfer fluid (HTF) circulating through the tube. The glass cover 
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minimizes convective heat losses to the surroundings and contributes to preserving the thermal 

efficiency of the receiver. 

The LS-2 collector was selected because it is a widely used benchmark geometry in PTC 

modelling and validation studies. The main parameters used in this work are: collector width 

5.0 m, collector length 7.8 m, aperture area 39.0 m², focal distance 1.71 m, concentration ratio 

22.74, receiver inner diameter 66 mm, receiver outer diameter 70 mm, cover inner diameter 

109 mm, cover outer diameter 115 mm, absorber absorptance 0.96, cover transmittance 0.95, 

mirror reflectance 0.83, intercept factor 0.99, receiver emittance 0.20, cover emittance 0.90 and 

maximum optical efficiency 0.75. The incidence angle was taken as 0° in the baseline case, 

corresponding to ideal tracking and an incidence-angle modifier equal to unity. This assumption 

isolates the influence of HTF properties and volumetric flow rate from optical misalignment 

effects. 

 
Figure 1. Physical model of the LS-2 parabolic trough collector and receiver heat-transfer scheme 

 

2.2. Optical and receiver energy-balance model 

The thermal behaviour of the parabolic trough collector was described using a one-

dimensional steady-state energy-balance model developed for the receiver-fluid control 

volume. The model accounts for conversion of direct beam solar radiation into absorbed heat 

at the receiver surface, heat transfer from the absorber wall to the circulating HTF and thermal 

losses from the receiver assembly to the surrounding environment. The quasi-steady 

assumption is appropriate for comparative collector performance evaluation when changes in 

solar irradiance and ambient conditions occur over a longer time scale than the residence time 

of the fluid inside the absorber tube. 

The solar power incident on the collector aperture is [1]: 

 

Qs = GbAa 

 

where Gb is the direct beam solar irradiance and Aa is the aperture area. Only part of this 

radiation is transferred optically to the absorber tube. The absorbed solar power is therefore: 

 

Qabs = GbAaηopt 

 

where ηopt is the optical efficiency of the concentrator-receiver system. It is calculated as: 

 

ηopt = ρcγτcαrK(θ) 

 

where ρc is the mirror reflectance, γ is the intercept factor, τc is the glass-cover transmittance, 

αr is the absorber absorptance and K(θ) is the incidence-angle modifier. For the baseline 

calculations, K(θ) = 1, corresponding to normal incidence. 
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The useful thermal energy transferred to the fluid is calculated from the fluid-side energy 

balance: 
 

Qu = ṁcp(Tout − Tin) 
 

where ṁ is the mass-flow rate, cp is the specific heat capacity and Tin and Tout are the inlet and 

outlet fluid temperatures. The mass-flow rate is related to volumetric flow rate by: 
 

ṁ = ρV̇ 
 

Since the properties of commercial HTFs are temperature-dependent, ρ, cp, μ and k were 

evaluated at the mean bulk-fluid temperature: 
 

Tfm =
Tin + Tout

2
 

 

The receiver energy balance is expressed as: 

 
Qabs = Qu + Qloss 

 

or: 
 

Qu = Qabs − Qloss 
 

where Qloss is the total heat loss from the receiver assembly to the environment. This loss 

includes radiative exchange between absorber and glass envelope, radiative exchange between 

glass envelope and sky and convective heat transfer from the outer glass surface to the ambient 

air. In compact engineering form, the total heat loss can be represented as: 
 

Qloss = ULAr(Tr − Tamb) 
 

where UL is the overall receiver heat-loss coefficient, Ar is the receiver surface area, Tr is the 

absorber surface temperature and Tamb is the ambient temperature. The coefficient UL 

represents the coupled thermal-resistance network between absorber, glass envelope and 

ambient environment. 

The heat transfer from absorber wall to fluid is: 

 

Qu = hiAr,int(Tr − Tfm) 
 

Therefore, the receiver temperature can be estimated as: 
 

Tr = Tfm +
Qu

hiAr,int
 

 

This equation provides the main coupling between energy balance and hydraulic 

behaviour. A low volumetric flow rate reduces hI, increases the absorber-to-fluid temperature 

difference and intensifies receiver heat losses. A higher flow rate enhances internal convection 

and decreases absorber temperature, but this improvement must be balanced against the 

pumping-power penalty. 

The fluid outlet temperature is obtained as: 
 

Tout = Tin +
Qu

ṁcp
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The gross collector thermal efficiency is: 

 

ηth =
Qu

GbAa
 

 

However, thermal efficiency alone does not represent the real useful output of the 

collector loop because auxiliary pumping energy is required. Therefore, the heat gain calculated 

in this section is coupled with the hydraulic model in Section 2.3 and with the net useful-energy 

objective in Section 2.4. 

The main assumptions of the energy-balance model are: quasi-steady-state operation, 

one-dimensional axial heat transfer, incompressible fluid flow, temperature-dependent fluid 

properties evaluated at the mean bulk temperature, circumferentially averaged absorber 

temperature and constant optical properties over the investigated operating range. These 

assumptions provide a balance between physical fidelity and computational practicality for 

comparative optimisation of commercial HTFs. 

 

2.3. Convective heat transfer and hydraulic loss model 

The internal convective heat transfer and hydraulic losses in the absorber tube were 

formulated as a coupled thermal-hydraulic sub-model. This coupling is essential because 

volumetric flow rate affects collector performance through two competing mechanisms. 

Increasing flow rate enhances internal convection, reduces absorber-to-fluid temperature 

difference and may decrease receiver heat losses. At the same time, it increases flow velocity, 

pressure drop and pumping-power consumption. Therefore, the hydraulic model was treated as 

an integral part of the optimisation framework rather than as a secondary calculation. 

The internal cross-sectional area of the absorber tube is: 

 

Acs =
πDi

2

4
 

 

The mean fluid velocity is obtained from the volumetric flow rate: 

 

u =
V̇

Acs
=

4V̇

πDi
2 

 

The Reynolds number is: 

 

Re =
ρuDi

μ
=

4ρV̇

πμDi
 

 

The Prandtl number is: 
 

Pr =
cpμ

k
 

 

These dimensionless numbers link operating flow rate, temperature-dependent fluid properties 

and convective heat-transfer intensity. The internal heat-transfer coefficient is determined from: 

 

hi =
Nuk

Di
 

 

For laminar fully developed flow under approximately constant wall heat-flux conditions, the 

Nusselt number is: 
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Nu = 4.36,  Re < 2300 

 

For turbulent flow, the Gnielinski correlation was adopted as the primary correlation: 

 

Nu =
(
fD
8)

(Re − 1000)Pr

1 + 12.7 (
fD
8)

1
2
(Pr

2
3 − 1)

 

 

with the typical validity range: 

 

3000 < Re < 5 × 106,  0.5 < Pr < 2000 

 

The Gnielinski correlation was selected because it is more general than the Dittus-Boelter 

equation for turbulent internal flow and explicitly includes the friction factor. For reference, the 

Dittus-Boelter equation for turbulent heating of the fluid is: 

 

Nu = 0.023Re0.8Pr0.4 

 

This relation was used only for consistency checking because it does not directly incorporate 

friction-factor effects and is less reliable close to the lower turbulent range. 

The pressure drop along the absorber tube is calculated using the Darcy-Weisbach 

equation: 

 

Δp = fD
L

Di

ρu2

2
 

 

where fD is the Darcy friction factor. For laminar flow: 

 

fD =
64

Re
,  Re < 2300 

 

For turbulent flow in a hydraulically smooth circular tube, the Petukhov relation is used: 

 

fD = (0.79lnRe − 1.64)−2 

 

In the transitional region, 2300 ≤ Re ≤ 3000, heat-transfer and friction characteristics 

are inherently uncertain. To avoid artificial discontinuities during optimisation, the Nusselt 

number and friction factor were obtained by continuous interpolation between laminar and 

turbulent limits. 

The hydraulic power required to overcome pressure drop is: 

 

Phyd = ΔpV̇ 

 

The electrical pumping power is: 

 

Pp =
ΔpV̇

ηp
 

 

where ηp is the effective pump efficiency. If motor and power-conditioning losses are 

considered separately, the expression can be generalised as: 
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Pp =
ΔpV̇

ηpumpηmotorηinv
 

 

The physical implication is central to the optimisation. At low flow rates, Re, Nu and hI 
are relatively low, resulting in a larger absorber-to-fluid temperature difference and higher 

receiver thermal losses. Increasing flow rate improves convection and reduces thermal 

resistance. However, because pressure drop increases approximately with the square of velocity 

in turbulent flow and pumping power is proportional to ΔpV̇, excessive flow rates can reduce 

net useful power. 

 

2.4. Net useful-power objective function 

To evaluate the actual energetic benefit of each operating point, the gross useful heat gain 

was corrected by subtracting the pumping-power requirement [42]. The net useful power is 

defined as: 

 

Qnet = Qu − Pp 

 

The objective of the optimisation is: 

 

max
V̇

[Qu(V̇, Tin, Gb, Tamb) − Pp(V̇, Tin)] 

 

subject to: 

 

V̇min ≤ V̇ ≤ V̇max,  Tin ≤ Tmax,fluid,  Δp ≤ Δpmax 

 

This formulation is more suitable for practical PTC operation than maximising Qu or ηth 

alone. The optimum flow rate is the point at which the derivative of net useful power with 

respect to volumetric flow rate approaches zero: 

 
dQnet

dV̇
=
dQu

dV̇
−
dPp

dV̇
≈ 0 

 

A net thermal efficiency can also be defined as: 
 

ηnet =
Qu − Pp

GbAa
 

 

This parameter represents the fraction of incident solar power converted into useful heat after 

auxiliary circulation power is considered. In comparative fluid ranking, Qnet and ηnet were 

prioritised over gross thermal efficiency. 

 
2.5. Exergy and entropy-generation model 

Exergy analysis was introduced to evaluate not only the amount of useful heat delivered 

but also its thermodynamic quality. The useful thermal exergy associated with heat delivery at 

the mean fluid temperature is approximated as: 
 

Exu = Qu (1 −
Tamb

Tfm
) 

 

The solar exergy input is estimated using a Petela-type expression: 
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Exs = GbAa [1 −
4

3
(
Tamb

Ts
) +

1

3
(
Tamb

Ts
)
4

] 

 

The net exergy efficiency is then defined as: 
 

ηex =
Exu − Pp

Exs
 

 

Entropy generation was separated into heat-transfer and frictional components: 
 

Ṡgen,ht = Qu (
1

Tfm
−
1

Tr
) 

 

Ṡgen,fr =
ΔpV̇

Tfm
 

 

Ṡgen,total = Ṡgen,ht + Ṡgen,fr 
 

This decomposition is important because increasing flow rate has opposite effects on the 

two entropy-generation components. It can reduce heat-transfer entropy generation by reducing 

the absorber-to-fluid temperature difference, but it can increase frictional entropy generation 

through higher pressure drop. 

 

2.6. Heat transfer fluids and operating range 

Eight commercial heat-transfer fluids (HTFs) were examined in this study: Therminol 55, 

Therminol 59, Therminol 66, Therminol 68, Therminol XP, Therminol VP-1, Therminol D-12 

and Syltherm 800. These fluids represent widely used synthetic and silicone-based thermal oils 

employed in solar-thermal and industrial heat-transfer systems. The thermophysical properties 

of each fluid, including density, specific heat capacity, dynamic viscosity and thermal 

conductivity, were considered as temperature-dependent parameters. For every operating 

condition, the properties were evaluated at the corresponding mean fluid temperature. 

The inlet-fluid temperature was varied within the range of 273.15–523.15 K. Simulations 

were conducted under direct beam solar irradiance values between 700 and 1000 W m⁻², while 

the ambient temperature was taken in the range of 280–320 K. The volumetric flow rate was 

adjusted within the specified operating limits, and the optimal value was identified individually 

for each HTF and inlet-temperature condition. Identical collector geometry and boundary 

conditions were maintained for all cases to ensure a reliable and consistent comparative analysis 

among the investigated fluids. 

 

2.7. Optimisation algorithm and sensitivity analysis 

The optimisation was performed by maximising the net useful-energy objective. The 

volumetric flow rate was selected as the decision variable, while inlet temperature, irradiance, 

ambient temperature, fluid properties and collector geometry were treated as model inputs. The 

optimisation procedure consisted of the following steps: define LS-2 collector geometry and 

optical parameters; select the HTF and inlet temperature; evaluate temperature-dependent fluid 

properties; calculate velocity, Reynolds number, Prandtl number, friction factor and Nusselt 

number; calculate internal heat-transfer coefficient, receiver temperature, heat losses and useful 

heat gain; calculate pressure drop and pumping power; calculate net useful power, exergy 

efficiency and entropy generation; vary the volumetric flow rate; identify the flow rate that 

maximises net useful power; and repeat the procedure for all fluids and inlet temperatures. 

To ensure that the identified optimum flow-rate values were not strongly dependent on a 

single fixed operating condition, a sensitivity analysis was performed. The analysis considered 
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the main thermal, hydraulic and numerical parameters that can influence the optimisation result, 

including direct normal irradiance, ambient temperature, pump efficiency, volumetric-flow-rate 

bounds and flow-rate resolution. The baseline values and tested sensitivity ranges are 

summarised in table 1. 

For each sensitivity case, the optimisation procedure was repeated by varying the 

volumetric flow rate within the prescribed bounds and identifying the value that maximised the 

net useful power. This procedure was applied consistently to all investigated heat transfer fluids. 

The sensitivity analysis was designed to determine whether the optimum flow-rate trend and 

the relative ranking of the fluids remained stable under different irradiance, ambient-

temperature and hydraulic-efficiency assumptions. 

The inclusion of the lower and upper flow-rate bounds was necessary to verify that the 

optimum was not artificially constrained by the selected search interval. Similarly, the flow-

rate resolution was varied to confirm the numerical stability of the optimisation procedure. 

Therefore, the sensitivity analysis provides an additional robustness check for the proposed 

thermal-hydraulic optimisation framework. 
 

Parameter Symbol 
Baseline 

value 

Sensitivity 

range 
Unit Purpose 

Direct normal 

irradiance 
Gb 900 700-1000 W m⁻² 

Effect of solar input on optimum 

flow rate and net useful power 

Ambient 

temperature 
𝑇𝑎𝑚𝑏  300 280-320 K 

Influence of receiver heat loss on 

thermal performance 

Pump efficiency η𝑝 0.70 0.50-0.85 - 
Influence of hydraulic penalty on 

optimum-flow-rate selection 

Minimum 

volumetric flow 

rate 
V̇min 0.0005 

0.0003-

0.0010 
m³ s⁻¹ 

Check whether the lower search 

bound affects the optimum 

Maximum 

volumetric flow 

rate 
V̇max 0.0060 

0.0040-

0.0080 
m³ s⁻¹ 

Check whether the upper search 

bound restricts the optimum 

Flow-rate 

resolution 
∆V̇ 0.00005 

0.000025-

0.00010 
m³ s⁻¹ 

Check numerical stability of the 

optimisation search 

Inlet 

temperature 
𝑇𝑖𝑛 variable 

273.15-

523.15 
K 

Analyse temperature-dependent 

HTF behaviour 

 

Table 1. Baseline values and sensitivity ranges used in the optimisation framework 

 

Note: The baseline case was used for the main comparison of the investigated HTFs, while the 

sensitivity ranges were used to evaluate the robustness of the optimum-flow-rate predictions. 

 

 3. Results and discussion 

 

3.1. Model validation and reliability 

The developed thermal model was validated against the experimental SEGS LS-2 

parabolic trough collector data reported by Dudley et al. [1]. Eight operating cases were selected 

from the reference dataset, covering different values of direct beam irradiance, ambient 

temperature, inlet temperature and volumetric flow rate. The experimentally measured outlet 

temperatures were compared with the outlet temperatures predicted by the present model. The 

validation results are presented in table 2. 

The prediction accuracy was evaluated using the root mean square error (RMSE) and the 

coefficient of determination (R2), which are defined as follows: 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑦𝑚𝑜𝑑𝑒𝑙,𝑖 − 𝑦𝑒𝑥𝑝,𝑖)

2
𝑛

𝑖=1
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𝑅2 = 1 −
∑ (𝑦𝑒𝑥𝑝,𝑖 − 𝑦𝑚𝑜𝑑𝑒𝑙,𝑖)

2𝑛
𝑖=1

∑ (𝑦𝑒𝑥𝑝,𝑖 − 𝑦̅𝑒𝑥𝑝)
2𝑛

𝑖=1

 

 

where 𝑦𝑚𝑜𝑑𝑒𝑙,𝑖 is the outlet temperature predicted by the present model, 𝑦𝑒𝑥𝑝,𝑖 is the 

experimentally measured outlet temperature, 𝑦̅𝑒𝑥𝑝 is the mean value of the experimental outlet 

temperatures, and n is the number of validation points. 

The comparison shows good agreement between the predicted and experimental outlet 

temperatures. The model produced an RMSE of 0.79 K and an R2 value of 0.99992. The low 

RMSE indicates that the average deviation between the model predictions and the experimental 

measurements is small relative to the operating-temperature range of the collector. The high R2 

value further confirms that the model accurately captures the dominant thermal response of the 

LS-2 receiver. 

It should be noted that the experimental operating conditions and measured outlet 

temperatures were taken from Dudley et al. [1], whereas the predicted outlet temperatures, 

RMSE and R2 were obtained in the present study. Therefore, the validation confirms the 

reliability of the receiver energy-balance formulation for outlet-temperature prediction. 

However, the subsequent optimum-flow-rate analysis also depends on hydraulic correlations, 

pump-efficiency assumptions and temperature-dependent heat-transfer-fluid property 

functions. For this reason, the optimisation results should be interpreted as a physically 

consistent comparative assessment under identical modelling assumptions rather than as a 

universal design rule independent of collector configuration. 

 

№ 𝑮𝒃, [W/m2] Tamb, [K] Tin, [K] V,[m3/s] Tout, exp [K] 
Tout, model 

[K] 

1 933.7 294.35 375.35 0.000795 397.15 397.71 

2 968.2 295.55 424.15 0.000797 446.45 447.20 

3 982.3 297.45 470.65 0.0008183 492.65 493.46 

4 909.5 299.45 523.85 0.000912 542.55 542.44 

5 937.9 299.35 570.95 0.000925 589.55 590.60 

6 880.6 301.95 572.15 0.000927 590.35 590.50 

7 903.2 300.65 629.05 0.000938 647.15 648.23 

8 920.9 304.25 652.65 0.000947 671.15 672.27 

 

Table 2. Validation of the developed LS-2 PTC model against experimental data from Dudley et al. [1] 

 

Note: The experimental operating conditions and outlet temperatures were taken from 

Dudley et al. [1], while Tout, model, RMSE and R2 were calculated in the present study. 

 

3.2. Temperature-dependent behaviour of heat transfer fluids 

The thermal-hydraulic behaviour of each HTF is strongly controlled by temperature-

dependent properties. Dynamic viscosity is particularly important because it directly affects 

Reynolds number and pressure drop. At low temperatures, higher viscosity reduces Reynolds 

number and increases the pumping-power requirement. As temperature increases, viscosity 

generally decreases, allowing the same volumetric flow rate to produce a higher Reynolds 

number and more favourable convective heat transfer. 

Specific heat capacity affects the amount of energy transported per unit mass flow rate. 

Fluids with higher heat capacity can carry more heat for the same mass flow rate, but this 

advantage may be offset if the fluid has high viscosity. Thermal conductivity influences the 

internal heat-transfer coefficient through the Nusselt relation. Density affects both mass flow 

rate and pressure drop. Therefore, no single thermophysical property is sufficient to determine 

the best fluid. The optimum ranking emerges from the combined effect of viscosity, heat 

capacity, density and thermal conductivity. 
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3.3. Optimum volumetric flow-rate map 

For most of the investigated fluids, the optimum volumetric flow rate increases as the 

inlet temperature rises. This behaviour is mainly associated with the decrease in fluid viscosity 

at higher temperatures. Reduced viscosity lowers hydraulic resistance within the receiver tube 

and permits higher circulation rates without a corresponding increase in pumping-power 

demand. In addition, elevated inlet temperatures intensify thermal losses from the receiver, 

which makes enhanced internal convective heat transfer increasingly beneficial. As a 

consequence of these combined effects, the optimum operating point shifts toward higher flow 

rates.  

Among the analysed HTFs, Therminol XP demonstrates relatively high optimum flow 

rates throughout the investigated temperature interval, reflecting its strong circulation and 

convective heat-transfer characteristics under high-temperature conditions. Therminol D-12 

likewise exhibits a substantial increase in optimum flow rate with increasing temperature, 

indicating promising suitability for elevated-temperature applications. Therminol 66, in 

contrast, operates with comparatively lower optimum flow rates at lower temperatures, 

although its performance becomes increasingly favourable as the operating temperature rises. 

 
Figure 2. Heatmap of optimum volumetric flow rates for eight heat transfer fluids over the 

investigated inlet-temperature range 

 

The existence of an optimum confirms that the maximum tested flow rate is not 

necessarily desirable. At low flow rates, heat transfer is insufficient and receiver temperature 

increases. At very high flow rates, the gain in useful heat becomes marginal, while pumping 

power continues to increase. Therefore, the optimum point reflects a balance between internal 

heat-transfer enhancement and hydraulic penalty. 

 

3.4. Thermal gain versus hydraulic penalty 

The net heat-power behaviour shows that most fluids experience a slight decrease in 

useful heat power as inlet temperature increases. This is mainly caused by higher receiver 

thermal losses at elevated absorber and fluid temperatures. Although higher flow rates improve 

internal convection, they cannot fully eliminate the increase in external heat loss. 

Therminol D-12 and Therminol VP-1 maintain favourable net-energy performance across 

the investigated temperature range. Their advantage is associated with a combination of 
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acceptable heat capacity, favourable viscosity behaviour and relatively low pumping-power 

demand. By contrast, Therminol 55 shows the largest deterioration at elevated temperatures, 

indicating that its thermal-hydraulic balance becomes less favourable in high-temperature 

operation. 

The pumping-power results further demonstrate that hydraulic penalty can change the 

interpretation of fluid performance. A fluid may produce acceptable gross heat gain but still be 

unattractive if it requires excessive pumping power. Therminol VP-1 and Therminol D-12 

require relatively low pumping power across the investigated conditions, which explains their 

strong net useful-energy performance. Therminol 66 shows high pumping-power demand at 

low temperatures, suggesting that cold-start or low-temperature operation may require careful 

flow-rate control. 

 
Figure 3. Net useful power obtained at the optimum volumetric flow rate for each heat-transfer fluid 

and inlet temperature 

 

Figure 4. Pumping power required at the optimum volumetric flow rate for each heat transfer fluid 

and inlet temperature 
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3.5. Net useful-power ranking of heat transfer fluids 

Looking only at the gross useful heat power, fluids with higher heat-transfer capability 

may initially seem more favorable. However, this picture changes once the pumping-power 

requirement is included in the evaluation. Under these conditions, the ranking shifts toward 

working fluids that provide a more reasonable balance between thermal performance and 

hydraulic resistance. For this reason, the net useful power (Qnet) is adopted as the main 

optimization criterion in this study. 

Among the examined working fluids, Therminol D-12 and Therminol VP-1 consistently 

demonstrate the most balanced overall performance under the investigated conditions. They 

achieve relatively high net useful power while keeping the pumping-power demand at a 

moderate level. Therminol XP shows strong heat-transfer and circulation performance, 

particularly at higher temperatures, although its final position in the ranking is strongly 

influenced by the associated hydraulic losses. In contrast, Therminol 55 becomes less effective 

at elevated temperatures, as its performance declines more rapidly with increasing operating 

temperature. 

 

Figure 5. Average net useful power and pumping-power requirement for the investigated heat-transfer 

fluids under optimum flow-rate conditions. The comparison illustrates the trade-off between useful 

thermal output and hydraulic energy penalty 

 
Figure 6. Temperature-dependent net heat-power trends for representative heat transfer fluids selected 

to illustrate favourable thermal-hydraulic behaviour, high-temperature performance deterioration and 

hydraulic-penalty-related effects 

 

To further clarify the ranking behaviour, figure 6 illustrates the temperature-dependent 

trends of net heat power for four representative heat-transfer fluids. Therminol D-12 and 
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Therminol VP-1 were selected as high-performing cases, as both fluids consistently combine 

relatively high net heat gain with comparatively low pumping-power requirements. Therminol 

55 was included as a lower-performance reference due to its noticeable decline in performance 

at elevated inlet temperatures. Therminol 66, on the other hand, was chosen to demonstrate the 

effect of hydraulic losses, particularly in the low-temperature operating range. Together, these 

four fluids capture the main performance groups observed among the eight investigated HTFs. 

The full set of results for all fluids is provided in the supplementary material. 

The trend confirms that the leading fluids do not only provide higher instantaneous heat 

gain but also maintain more stable net-energy behaviour over the investigated temperature 

range. In contrast, the lower-performing reference case shows a more pronounced decline as 

inlet temperature increases, indicating that fluid selection becomes increasingly important 

under high-temperature PTC operation. 

 

3.6. Exergy and entropy-generation interpretation  

Exergy analysis offers a thermodynamic perspective on the thermal–hydraulic ranking 

presented in the previous sections. Unlike net useful power, which reflects the delivered heat 

after accounting for pumping-power consumption, exergy efficiency evaluates how much of 

that heat can be converted into useful work relative to the surrounding environment. In this 

sense, a fluid with high thermal efficiency is not necessarily superior from an exergetic point 

of view, especially when significant hydraulic losses or irreversibilities are involved in the 

process. 

In this context, the favourable performance of Therminol D-12 and Therminol VP-1 can 

be interpreted not only in energetic terms but also from a thermodynamic standpoint. Both 

fluids are able to sustain relatively high net heat gain while keeping pumping-power 

requirements limited, thereby preserving a higher portion of the useful work potential of the 

absorbed heat. Conversely, Therminol 55 exhibits weaker performance at elevated 

temperatures, as increased receiver heat losses reduce the thermodynamic quality of the 

delivered energy. Therminol 66 is more affected by combined thermal and hydraulic 

irreversibilities at lower inlet temperatures, which leads to higher entropy generation under cold 

operating conditions. 

To further clarify this behaviour, entropy generation was evaluated at the optimum flow-

rate conditions for the representative heat transfer fluids. The total entropy-generation rate was 

interpreted as the sum of heat-transfer irreversibility and frictional irreversibility. The heat-

transfer component represents entropy generation caused by finite temperature difference 

between the absorber wall and the working fluid, whereas the frictional component represents 

irreversibility associated with pressure drop and pumping-power consumption. 

 
Figure 7. Total entropy generation at optimum flow-rate conditions as a function of inlet temperature 

for representative heat transfer fluids. The trends show lower irreversibility levels for Therminol D-12 

and Therminol VP-1 and stronger low-temperature irreversibility for Therminol 55 and Therminol 66. 
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As shown in figure 7, the total entropy generation decreases markedly with increasing 

inlet temperature for the representative fluids. This trend is mainly associated with the reduction 

in viscosity at elevated temperatures, which improves hydraulic behaviour and reduces the 

thermal resistance between the absorber and the working fluid. At low temperatures, Therminol 

66 and Therminol 55 exhibit considerably higher entropy-generation values, indicating stronger 

irreversibility under cold-operation conditions. By contrast, Therminol D-12 and Therminol 

VP-1 maintain lower entropy-generation levels over the investigated temperature range, which 

supports their favourable thermal-hydraulic ranking. 

The entropy-generation results confirm that the optimum flow rate should not be selected 

from thermal efficiency alone. At insufficient flow rates, heat-transfer irreversibility may 

dominate because the absorber-to-fluid temperature difference is large. At excessive flow rates, 

the hydraulic penalty and frictional entropy generation increase due to higher pressure drop. 

Therefore, the thermodynamically favourable operating condition is achieved when the 

reduction in heat-transfer irreversibility is balanced against the increase in hydraulic 

irreversibility. This interpretation supports the use of net useful power, exergy efficiency and 

entropy-generation behaviour as complementary criteria for volumetric flow-rate optimisation 

in PTC operation. 

 

3.7. Sensitivity analysis 

The sensitivity analysis was performed to evaluate the robustness of the optimum 

volumetric-flow-rate predictions under different operating and numerical assumptions. The 

main parameters considered in the analysis were direct normal irradiance, ambient temperature, 

pump efficiency, volumetric-flow-rate bounds and flow-rate resolution. Their baseline values 

and sensitivity ranges are given in table 1. 

Direct normal irradiance affects the amount of solar energy available at the receiver. 

When irradiance increases, the thermal benefit of stronger internal convection becomes more 

significant because more absorbed solar energy must be transferred from the absorber wall to 

the working fluid. As a result, the optimum volumetric flow rate may shift towards higher 

values. Under lower solar irradiance conditions, the benefit gained from increasing the flow 

rate becomes relatively small, whereas the pumping-power requirement does not change 

significantly. Because of this imbalance, operating at higher flow rates becomes less attractive 

when the available solar input is limited. 

Ambient temperature also has a noticeable impact, as it determines the temperature 

difference between the receiver and the surrounding air, which in turn affects heat losses from 

the absorber. When the ambient temperature is lower, thermal losses increase due to a larger 

driving temperature difference. In such situations, improving internal convection can be useful, 

since it helps reduce the temperature difference between the absorber wall and the working fluid 

and prevents excessive absorber temperatures. However, this advantage still comes at the cost 

of higher hydraulic losses, meaning that the optimal flow rate is only achieved when the added 

thermal gain is greater than the extra pumping power required. 

Pump efficiency has a direct effect on the hydraulic penalty. A lower pump efficiency 

increases the electrical power required to overcome the same pressure drop. Therefore, when 

pump efficiency decreases, the optimum volumetric flow rate shifts downward because the 

marginal thermal benefit of stronger circulation is more rapidly offset by the additional 

pumping-power requirement. This result confirms that the optimum flow rate should not be 

treated as a fixed collector parameter, but rather as a control variable depending on fluid 

temperature, operating conditions and circulation-system efficiency. 

The sensitivity analysis also included the lower and upper volumetric-flow-rate bounds. 

This was necessary to ensure that the identified optimum was not an artefact of the selected 

search interval. If the optimum occurs close to the lower or upper bound, the search range may 

artificially constrain the result. In the present analysis, the variation of the flow-rate bounds 

confirmed that the main optimum-flow-rate trends remained physically consistent. The flow-
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rate resolution was also varied to check numerical stability. The results showed that reducing 

the step size did not significantly change the optimum-flow-rate trends, indicating that the 

optimisation procedure was sufficiently stable. 

Overall, the sensitivity analysis shows that inlet temperature and pump efficiency are the 

most influential parameters affecting the optimum volumetric flow rate. Direct normal 

irradiance and ambient temperature mainly influence the magnitude of the net useful power and 

the relative importance of internal convection. The relative advantage of Therminol D-12 and 

Therminol VP-1 remained stable within the tested sensitivity ranges, indicating that their 

favourable performance is not limited to a single operating point.  

 

 
 

Figure 8. Pumping-power requirement at the optimum volumetric flow rate as a function of inlet 

temperature for representative heat transfer fluids 

 

The pumping-power behaviour at the optimum flow-rate conditions is further illustrated 

in figure 8. The figure confirms that the hydraulic penalty is strongly fluid-dependent. 

Therminol D-12 and Therminol VP-1 maintain comparatively low pumping-power 

requirements over the investigated temperature range, whereas Therminol 66 shows a 

pronounced low-temperature pumping-power penalty. This behaviour is consistent with the 

strong temperature dependence of dynamic viscosity and highlights the importance of careful 

flow-rate control during low-temperature or cold-start operation. 

 

3.8. Engineering implications for PTC loop design 

The results provide several engineering implications for solar thermal system design and 

operation. First, volumetric flow rate should be treated as a temperature-dependent control 

variable rather than a fixed design parameter. Constant-flow operation may be suboptimal 

because the optimum changes with inlet temperature, solar irradiance and pump efficiency. 

Second, HTF selection should be based on net useful power rather than gross thermal 

efficiency. Fluids should be compared using both thermal transport capability and hydraulic 

penalty. This is particularly important for large collector fields, where pumping-power 

consumption can become a non-negligible part of system operation. 

Third, Therminol D-12 and Therminol VP-1 are recommended as favourable candidates 

under the investigated LS-2 operating conditions because they maintain high net useful power 

with comparatively low pumping-power demand. Therminol XP may be suitable for selected 

high-temperature regimes, while Therminol 55 should be used cautiously in high-temperature 

applications. 

Fourth, low-temperature operation requires special attention because viscosity-related 

pumping losses may become significant. Cold-start control, gradual flow-rate ramping or fluid 

preheating may improve operational stability. Future industrial implementation should combine 
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the proposed optimisation framework with economic analysis, because pumping power affects 

operating cost while HTF choice affects capital cost, safety, maintenance and thermal stability. 

  

 4. Conclusion 

 

This study developed an integrated thermal-hydraulic and exergy-based framework for 

optimising volumetric flow rate in an LS-2 parabolic trough collector using eight commercial 

heat transfer fluids. The framework couples receiver energy balance, internal convection, 

pressure drop, pumping power, net useful power, exergy efficiency and entropy-generation 

indicators. The model was validated against the SEGS LS-2 experimental dataset, producing an 

RMSE of 0.79 K and R² = 0.99992 for outlet-temperature prediction. The main conclusions are 

as follows: The optimum volumetric flow rate generally increases with inlet temperature 

because viscosity decreases and the benefit of stronger internal convection becomes more 

significant at higher receiver temperatures; The maximum gross useful heat gain does not 

necessarily correspond to the best operating point. The optimum flow rate is obtained when the 

marginal thermal gain is balanced by the marginal pumping-power penalty; Therminol D-12 

and Therminol VP-1 show the most favourable overall behaviour under the investigated 

conditions because they combine high net useful power with relatively low pumping-power 

demand; Therminol 55 exhibits the strongest performance deterioration at elevated 

temperatures and is therefore less attractive for high-temperature PTC operation; Entropy-

generation analysis confirms that the optimum operating condition is governed by the balance 

between heat-transfer irreversibility and hydraulic irreversibility. Therefore, thermal efficiency 

alone is insufficient for flow-rate optimisation; The proposed framework supports 

temperature-dependent flow-rate control and provides a physically consistent basis for HTF 

selection in CSP and solar process-heat applications. The main limitation of the present study 

is that the optimisation is based on steady-state modelling and empirical heat-transfer and 

friction correlations. Although the thermal model was validated against the LS-2 dataset, further 

experimental validation is needed for different HTFs, transient outdoor conditions and large 

collector-field configurations. Future work should extend the framework to dynamic annual 

simulation, thermo-economic assessment, lifecycle analysis and multi-objective optimisation 

using advanced algorithms such as NSGA-II, particle swarm optimisation or genetic 

algorithms. 
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