
This is a repository copy of Modelling and simulation of a novel Electrical Energy Storage 
(EES) Receiver for Solar Parabolic Trough Collector (PTC) power plants.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/115273/

Version: Accepted Version

Article:

Nation, DD, Heggs, PJ orcid.org/0000-0003-3209-6521 and Dixon-Hardy, DW (2017) 
Modelling and simulation of a novel Electrical Energy Storage (EES) Receiver for Solar 
Parabolic Trough Collector (PTC) power plants. Applied Energy, 195. pp. 950-973. ISSN 
0306-2619 

https://doi.org/10.1016/j.apenergy.2017.03.084

(c) 2017, Elsevier Ltd. This manuscript version is made available under the CC BY-NC-ND 
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


Modelling and Simulation of a Novel Electrical Energy Storage (EES) Receiver for Solar 

Parabolic Trough Collector (PTC) Power Plants 

Deju D. Nation1*, Peter J. Heggs2, Darron W. Dixon-Hardy2 

1Department of Mathematics and Engineering, Northern Caribbean University Jamaica W.I. 
2School of Chemical and Process Engineering, University of Leeds, United Kingdom 

Abstract 

___________________________________________________________________________ 

In this paper, the mathematical modelling of a novel Electrical Energy Storage (EES) Receiver 

for Solar Parabolic Trough Collector (PTC) is presented. The EES receiver is essentially a Heat 

Collecting Element (HCE) with built in storage in the form of thermal batteries such as the 

Sodium Sulphur (NaS).  The conceptual design and mathematical models describing the 

operation of the receiver are presented along with important results of model validation. 

When held under adiabatic conditions (a primary indicator of model validity), results were 

highly consistent with established National Renewable Energy Laboratory(NREL), USA models 

and with experimental data for existing SCHOTT PTR-70 and Solel UVAC3 receiver tubes 

currently being used in existing PTC power plants. 

___________________________________________________________________________ 
Keywords: Energy Storage, Parabolic Trough Collector, PTC, Power Plants, Heat Collecting Element, HCE, 

Thermal Battery, Sodium Sulphur, Utility Grid, NaS Cell 

 

Nomenclature 

Parameter Description  Unit Parameter Description  Unit ࢒࢕ࢉ࡭ Collector mirror 

area  

(m2) ࢜࢔࢕ࢉࢻǡ࢚ࢍ Convective heat 

transfer 

coefficient from 

glass tube to 

ambient  

(Wm-2K-1) 

 Emissivity of ࢚ࢇࢿ

absorber tube 

 

None ࢜࢔࢕ࢉࢻǡ࢚ࢇ Convective heat 

transfer 

coefficient from 

absorber tube to 

glass tube  

(Wm-2K-1) 

 Emissivity of glass ࢚ࢍࢿ

tube 

 

None ࢚ࢇࡰǡ࢕ Outer diameter of 

absorber tube     

(m) 

 Transmittance of ࢚ࢍ࣎

glass tube  

None ࢚ࢇࡰǡ࢏ Inner diameter of 

absorber tube  

(m) 

 Absorptance of ࢚ࢇࢻ

absorber tube  

None ࢚ࢍࡰǡ࢕ Outer diameter of 

glass tube  

(m) 

 Absorptance of ࢚ࢍࢻ

glass tube 

None ࢚ࢍࡰǡ࢏ Inner diameter of 

glass tube  

(m) 



Parameter Description  Unit Parameter Description  Unit ণ࢚ࢍǡ࢕ Shape Factor of 

glass tube outer 

surface 

None ࢚࢈ࡰǡ࢕ Outer diameter of 

battery  tube  

(m) 

ণࢇǡ࢚ࢍି࢕ǡ࢏ Shape Factor 

between absorber 

and glass tubes 

None ࢚࢈ࡰǡ࢏ Inner diameter of 

battery  tube  

(m) 

 Incidence angle ࢽࢻ࣎ࡷ

modifier 

None ࡿࢇࡺࡰ Diameter of  the 

NĂ“ ĐĞůů͛Ɛ ŝŶŶĞƌ 
sodium electrode  

(m) 

 BŽůƚǌŵĂŶ͛Ɛ ࣌
Constant 

 

(Wm-2K-4) ࢚ࢍࢀǡ࢏ Temperature of 

glass tube  inner 

wall  

(K) 

 Thermal ࢈ࢇ࢑

conductivity of 

material between 

͞Ă͟ ĂŶĚ ͞ď͘͟ 

(Wm-1K-1) ࢚ࢍࢀǡ࢕ Temperature of 

glass tube  outer 

wall  

(K) 

 Mirror Shape ࢽ

Factor 

None ࢌ࢚ࢎࢀ Bulk heat transfer 

fluid temperature  

(K) 

 Outer annular heat ࢕ǡ࢔࢔ࢇࢎ Sky Temperature  (K) ࢟࢑࢙ࢀ Mirror reflectivity None ࣋

transfer coefficient  

(Wm-2K-1) ࢈࢓ࢇࢀ Ambient 

Temperature  

(K) 

 Inner annular heat ࢏ǡ࢔࢔ࢇࢎ

transfer coefficient  

(Wm-2K-1) ࡿࢇࡺࢀ Average 

temperature of 

the NaS cell in 

lumped model  

(K) 

 Temperature of ࢕ǡ࢚ࢇࢀ

absorber tube  

outer wall 

(K) ࢚ࢇࢀǡ࢏ Temperature of 

absorber tube  

inner wall 

(K) 

 Temperature of ࢕ǡ࢚࢈ࢀ

battery tube  outer 

wall 

(K) ࢚࢈ࢀǡ࢏ Temperature of 

battery tube  

inner wall 

(K) 

 Temperature of ࢕ǡ࢚࢈ࢀ

battery tube  outer 

wall 

(K) ࢚࢈ࢀǡ࢏ Temperature of 

battery tube  

inner wall 

(K) 

 NaS cell voltage ࢒࢒ࢋࢉࡱ

w.r.t cell discharge 

state  

(V)  Solar Flux 

Concentration 

Ratio 

None 

 NaS cell current ࢒࢒ࢋࢉࡵ

(charging ʹve, 

discharging +ve) 

(A) ࡿࢇࡺࡾ Internal electrical 

resistance of NaS 

cell 

;ɏͿ 

Nu Nusselt Number None Pr Prandtl Number None 

Gr Grashof Number None Re Reynolds Number None 

Ra Rayleigh Number None Bi Biot Number None 



Table 1: Definition of Heat Fluxes for EES Receiver 

Heat Flux 

(W/m)* 

 Heat Transfer 

 Method 

Heat Transfer Direction 

 From To 

Ԣሶࢗ  Conduction heat transfer fluid NaS cell  ࡿࢇࡺିࢌ࢚ࢎ

Ԣሶࢗ  Conduction battery tube outer  ࢚࢈ǡࢊ࢔࢕ࢉ

surface 

battery tube inner 

surface 

Ԣሶࢗ  Convection heat transfer fluid battery tube outer  ࢕ǡ࢚࢈ିࢌ࢚ࢎ

surface 

Ԣሶࢗ  Convection absorber tube inner  ࢌ࢚ࢎି࢚ࢇ

surface 

heat transfer fluid 

Ԣሶࢗ  Conduction absorber tube outer  ࢚ࢇǡࢊ࢔࢕ࢉ

surface 

absorber tube inner 

surface 

Ԣሶࢗ  Radiation absorber tube outer  ࢚ࢍି࢚ࢇǡࢊࢇ࢘ࡸ

surface 

glass tube inner surface 

Ԣሶࢗ  Conduction glass tube inner surface glass tube outer surface  ࢚ࢍǡࢊ࢔࢕ࢉࡸ

Ԣሶࢗ  Convection glass tube outer surface Ambient  ࢈࢓ࢇି࢚ࢍǡ࢜࢔࢕ࢉࡸ

Ԣሶࢗ  Radiation glass tube outer surface Sky  ࢟࢑࢙ି࢚ࢍǡࢊࢇ࢘ࡸ

Ԣሶࢗ  Radiation Sun Abs. tube outer surface  ࢚ࢇǡ࢙࢈ࢇǤ࢒࢕࢙

Ԣሶࢗ  Radiation Sun glass tube outer surface  ࢚ࢍǡ࢙࢈ࢇǤ࢒࢕࢙

Ԣሶࢗ  ,convection  ࢚࢕࢚ǡ࢚ࢍࡸ

radiation 

Sun Ambient 

Ԣሶࢗ  Conduction battery tube inner  ࡿࢇࡺି࢏ǡ࢚࢈

surface 

NaS cell 

* per unit length of the EES receiver 

 

 

 



1. Introduction 

Solar parabolic trough collector (PTC) power plants have been at the core of modern utility 

scale solar power generation for over three decades [1]. This is largely due to the fact that 

they produce large amounts of ͞ŐƌĞĞŶ͟ dispatchable electric power on a Mega Watt (MW) 

scale, through thermo-electrical conversion of concentrated solar radiation using precisely 

engineered solar collector/receiver assemblies (Figure 1)[2]. When integrated with storage, 

they can provide a great potential for the integration of other Variable Renewable Energy 

(VRE) technologies and a host of other ancillary and power quality support applications  

[3],[4]. 

 

Figure 1: Parabolic trough collector and receiver tube (Source: NREL) 

 

However, a survey of widely available literature on renewables reveal that in recent years, 

commercial and utility scale PTC technology has been adversely affected by falling prices in 

photovoltaic technology, its main competitor [5]. If PTC technology is to become a more 

attractive to investors in a market swamped with low cost photovoltaics, news ways must be 

found to leverage or enhance a key advantage of this technology, ͞ĞŶĞƌŐǇ ƐƚŽƌĂŐĞ ĐĂƉĂďŝůŝƚǇ͘͟ 
While examining storage options, it was discovered that high energy density ͞“ŽĚŝƵŵ “ƵůƉŚƵƌ 
;NĂ“Ϳ͟ batteries were being deployed for electrical energy storage applications in wind and 

Photovoltaic (PV) plants worldwide [6].  

It was also realized that these battery systems were widely used for grid support applications 

in Japan, providing power outputs in the MW range for over 6-8 hour durations [7]. It is this 

6-8 hour power supply duration that initially prompted interest in the energy storage 



capabilities of these battery systems, as it is identical to the average power supply duration 

of a PTC plant thermal storage system. Also the fact that NaS batteries are thermal batteries 

and must be heated up to operational temperature before use, led to the realization that the 

NaS battery and a standard PTC power plant both operate within a coincidental temperature 

range of 300 ʹ 400°C [8],[9].  

This immediately suggested that it would be possible to heat the NaS batteries using the HTF 

from the solar field, a completely different method to the standard approach of heating these 

batteries in a sand filled module equipped with an electrical heater and a temperature control 

system [10]. It also became apparent that the tubular nature  of most commercial NaS cells  

would allow them to be easily placed inside a standard PTC receiver tube for heating [11].  All 

that would be required was a special modification of the receiver tube internals to allow for 

heat transfer fluid (HTF) flow between the main receiver tube and the internal batteries 

(annular flow) rather than traditional plugged flow [12].  

This sequence of initial thought processes led to the conceptualization, design, modelling and 

analysis of the Electrical Energy Storage (EES) Receiver for Solar Parabolic Trough Collectors 

;PTC͛ƐͿ, described in Section 3. However, it is great important to contextualize this work in 

relation to recent advances in the Energy Storage and NaS Battery technologies.  This is 

covered in the survey of recent, relevant literature which follows next. 

 

2. Literature Review ʹ A Survey of Recent Progress in Energy Storage Technologies for 

Solar and General Renewable Energy Applications 

The creation of an innovative energy storage solution is a central focus of this paper. 

Consequently, the existing and emerging energy storage technologies in their various modes 

of development and deployment serve as the background for the contextualizing this work.  

2.1. General Energy Storage Applications 

Energy storage technologies have seen significant and increasing deployment in renewable 

energy systems in recent years. This is particularly due to their ability to increase the value of 

the energy produced from variable renewable energy (VRE) sources by reducing energy 

curtailment and significant increasing energy dispatchability [13]. Further, the scope of energy 

storage technologies under current research and development is extremely broad.  A survey 

of the most recent review comprehensive articles [13ʹ26] on this topic reveals that current 

energy storage systems for domestic, commercial and utility markets cover a very wide a 

broad scope of  technologies. These include, but are not limited to the following: 

 Pumped-Hydro Energy Storage (PHES)  

 Underground Thermal Energy Storage (UTES) 

 Compressed Air Energy Storage (CAES) 



 Liquid Air Energy Storage (LAES) 

 Molten Salt/Synthetic Oil Thermal Energy Storage 

 Electrical/Electrochemical Battery Storage 

 Supercapacitor Short Term Energy Storage 

 Flow Battery Energy Storage 

 Thermochemical/Thermo-electro-chemical Storage 

 Chemical-Hydrogen Storage 

 Flywheel and Mechanical Spring Storage 

 Superconducting Magnetic Energy Storage (SMES) 

 Solid Media/Phase Change Energy Storage 

 Hot/Cold Water Energy Storage 

An evaluation of the above listing reveals that these systems store available energy either in 

electrical, chemical, gravitational potential, elastic potential or thermal energy forms and 

cover a capacity ranging from Watt-ŚŽƵƌƐ ;WŚ͛ƐͿ ƚŽ GŝŐĂ-Watt-ŚŽƵƌƐ ;GWŚ͛ƐͿ [23]. They also 

cover a time span ranging from short-term usage (e.g. electric grid frequency control, ramping 

and spinning reserves), to medium term grid supply/demand balancing, up to long-term 

storage options (such as seasonal energy storage, or as substitutions for grid 

extensions/reinforcements)[13]. 

Increasingly, many of the above-mentioned storage technologies are now being deployed as 

Hybrid Energy Storage Systems (HESS). As stated by Bocklisch and Chong et al., these systems 

provide a beneficial coupling of two or more storage systems that increases the durability, 

practicality and cost effectiveness of a passive, semi-active or active storage solution[27,28]. 

Recent comprehensive reviews of HESS technologies by Hematti et al. and Zimmermann et 

al. [29,30] discuss standard HESS applications, coupling architectures, energy management 

mechanisms and approaches for power flow decomposition using peak shaving and double 

low-pass filtering approaches. 

With respect to low and short term power scales, flywheels, mechanical springs, 

superconducting magnets and supercapacitors are the technologies of choice for absorbing 

and supplementing intermittent mismatches in energy supply and demand for electric grids. 

In many instances, they also aid with power quality support in the form of voltage/frequency 

control. Recent comprehensive reviews of these Energy Storage Systems (FESS) as conducted 

by Arani et al., Buckles et al., Pena-Alzola et al., Raman et al. and Mousavi et al. [31ʹ37] 

suggest among other things that these technologies will all play an increasing role in 

supporting renewables energy penetration of utility grids; extending the economies scale 

seen in large scale storage applications such as Pumped Hydro Energy Storage (PHES) 

ƚĞĐŚŶŽůŽŐǇ ƚŽ ůŽǁĞƌ ƉŽǁĞƌ ͞ďƵŝůĚŝŶŐ ůĞǀĞů͟ ƐĐĂůĞƐ ǁŚĞƌĞ ƚŚŝƐ ŝƐ ĂďƐĞŶƚ [38] and providing 

͞ƐŵŽŽƚŚŝŶŐ ƉŽǁĞƌ ƐƵƉƉŽƌƚ͟ ŝŶ ŵŝĐƌŽŐƌŝĚƐ͘  



For higher and longer power scale applications, especially in support of baseload power 

generation, electro-mechanical/ storage technologies such as Pumped-Hydro Energy Storage 

(PHES), Compressed Air Energy Storage (CAES), Liquid Air Energy Storage (LAES) and electro-

chemical Flow Battery Energy Storage (FBES) are in current use. Of this group PHES is the most 

dominant  and mature technology, accounting for 99% of current global grid energy storage 

capacity and is readily able to provide flexible ramping and power quality services [23,39]. 

CAES and LAES are emerging storage options on the medium to large power scale. However, 

as stated by Budt et al., these technologies must overcome significant challenges such as their 

various degrees of ramping inflexibility; site dependent and high cost air reservoirs and in 

many cases, the conversion inefficiencies associated with the use of separate compressors 

and turbines within the energy conversion cycle [40].   

With respect to Flow Battery Energy Storage (FBES), Alotto et al. and Weber et al. in a recent 

reviews highlighted the high potential of this storage technology, citing positives such as high 

cycle efficiencies, power/energy independent system sizing, room temperature operation, 

and very long working cycle life [41,42]. However, one significant hurdle to expansive 

commercial deployment of these systems (eg. zinc-bromine, vanadium and ironʹvanadium 

and other common redox couples) is their significant capital cost [43,44]. 

 

2.2. Solar Energy Storage Applications 

Solar energy systems are among the most promising and increasingly deployed renewable 

energy technologies. These systems are divided largely into two major categories; Solar 

Photovoltaics (PV) and Solar thermal technologies. Each of these two categories may be 

implemented at the systems level as concentrating solar power (CSP) systems or non-

concentrating systems. Owing to the intermittent nature of solar energy sources, storage 

systems are especially critical for grid integration and increased renewables penetration [25]. 

However, none of the previously described energy storage solutions are utilized or deployed 

with existing utility scale solar energy systems. 

Historically, storage solutions for utility scale solar energy systems have been largely 

electrical/electro-chemical for Photovoltaic Systems and Thermal/Thermo-chemical/Thermo-

electrical for Solar Thermal Systems. Solar photovoltaic systems have been traditionally 

augmented with electrical energy storage on the residential/commercial side mainly in the 

form of deep cycle lead acid or lithium-ion batteries [45]. On a utility scale, both solar 

photovoltaic and wind energy systems have been augmented with electrical energy storage 

in the form of Sodium-Sulfur and Redox Flow batteries in a few reported pilot projects [8,46ʹ
50]. 

This work however concerns Solar Parabolic Trough Collector (PTC) systems, a thermally 

categorized utility scale concentrating solar power (CSP) technology that has traditionally 

utilized low cost sensible heat storage in insulated tanks with  eutectic mixtures of KNO3, 



NaNO3 molten salts[51].  The traditional set-up is that of a two-tank system (a hot and cold 

tank) operated in conjunction with  a heat exchanger and the solar collector field [52]. This is 

the industry standard used in all operating utility scale CSP power plants to date. Through 

successful research has been conducted on solid media storage mechanisms such as high 

temperature concretes, phase change encapsulated solids, cast iron, cast steel, silica and 

magnesia fire bricks [53], no utility scale storage system based on these technologies 

currently exists.  

One promising tank based storage system is the ͞thermocline͟, in which both hot and cold 

fluid are contained in a single tank. TŚĞ ƚĞƌŵ ͞ƚŚĞƌŵŽĐůŝŶĞ͟ ƌĞĨĞƌƐ ƚŽ ƚŚĞ the sharp 

temperature gradient that exists between the two fluid regions and which serves as a 

boundary of fluid separation. The sĞƉĂƌĂƚŝŽŶ ďĞƚǁĞĞŶ ͞ŚŽƚ͟ ĂŶĚ ͞ĐŽůĚ͟ ĨůƵŝĚ regions is 

maintained by the combined effect of buoyancy induced stratification within the storage 

and/or by a movable baffle that floats up or down within the tank. Conceptually, this storage 

system could provide a lower cost storage solution, but there have been challenges with 

maintaining fluid stratification and preventing heat transfer between the two fluid regions  

One of the earliest deployments of this storage system was the Solar One Thermocline Tank 

which operated from 1982 to 1986 using  Caloria HT-43 mineral oil as a heat transfer fluid and 

a rock/sand combination as the porus filler material [54]. Over a decade ago Pacheo et al. and 

Brosseau et al. of Sandia National Laboratories pioneered experimental work on 2.3 MWhth 

pilot thermocline tank [55,56]. Research in recent years has focused mainly on four key areas 

(a) Optimization of tank design (b) Filler material selection and analysis (c) General 

thermocline system modelling and (d) Investigating thermal ratcheting and viscous 

channelling problems [55ʹ64].  

Thermo-chemical energy storage systems have also been researched and developed for use 

with solar thermal systems. These range from systems that produce usable fuels such as 

hydrogen and syngas by feedstock dissociation, using concentrated solar radiation [65ʹ72] to 

ŵƵůƚŝůĞǀĞů ƐŽƌƉƚŝŽŶ ďĂƐĞĚ ͞ƚŚĞƌŵĂů ďĂƚƚĞƌǇ͟ ĐĂƐĐĂĚĞĚ ƐƚŽƌĂŐĞ ƐǇƐƚĞŵƐ [73ʹ81]. 

TŚĞƌŵŽĐŚĞŵŝĐĂů ĞŶĞƌŐǇ ƐƚŽƌĂŐĞ ƐǇƐƚĞŵƐ ĂƌĞ ƚŚĞƌĞĨŽƌĞ ƉƌŽŵŝƐŝŶŐ ĞŝƚŚĞƌ ĨŽƌ ƉƌŽĚƵĐŝŶŐ ͞ŐƌĞĞŶ 
ƐƵďƐƚŝƚƵƚĞ ĨƵĞůƐ͟ Žƌ ĨŽƌ ƐĞƌǀŝŶŐ ĂƐ thermal battery systems, especially useful when scavenging 

waste heat from industrial processes. However, these technologies still have not realized 

mainstream competitiveness with the traditional two-tank thermal storage systems used in 

utility scale solar projects and are still under intense research and development. 

This concludes a succinct review of the relevant literature in recent years on energy storage 

systems. The concept proposed in this work, that of hybridizing Sodium-Sulphur Battery and 

Parabolic Trough Collector technologies in a hybridized EES Receiver, is an expansion of an 

original concept proposed by the authors of this work in an earlier publication [82]. This 

survey of published literature clearly establishes the EES Receiver storage concept as both a 

novel contribution and an enhancement to the body of published literature on conceptual 

solar energy storage systems.  



The section which follows next begins with a description of the conceptual EES receiver, the 

principal subject of this work. 

 

3. Description of the EES Receiver 

The EES receiver can be described as a hybrid solar heat collecting element (HCE) for parabolic 

trough collectors with built in electrical storage. The objective behind the design of the EES 

receiver was to create a solar receiver for that could help to solve the challenge of energy 

storage by incorporating ͞ďƵŝůƚ ŝŶ ĞŶĞƌŐǇ ƐƚŽƌĂŐĞ͟.  

Unlike the traditional receiver (Figure 2a) used in a PTC power plant, the conceptual EES 

receiver (Figure 2b) would provide the functions of a traditional PTC receiver along with the 

added benefit of electrical energy storage in the form of sodium sulphur batteries. Although 

technically speaking, ͞Ă ďĂƚƚĞƌǇ ŝƐ ĂŶ ĞůĞĐƚƌŝĐĂů ĐŽŶŶĞĐƚŝŽŶ ŽĨ ƚǁŽ Žƌ ŵŽƌĞ ĐĞůůƐ͟, throughout 

this paper the terms ͞NĂ“ ďĂƚƚĞƌǇ͟ and ͞NĂ“ ĐĞůů͟ are used interchangeably, as referring to 

͞Ă ƐŝŶŐůĞ NĂ“ energy ƐƚŽƌĂŐĞ ĞůĞŵĞŶƚ͟. 

The longitudinal section through the EES receiver (Figure 2) highlights the fundamental 

difference of the EES receiver with respect to a standard PTC receiver. This difference lies in 

its internal construction.  

Like a traditional receiver (e.g Schott PTR-70), the EES receiver consists of a selectively coated 

steel absorber tube enclosed within an evacuated borosilicate glass cover, with glass and 

metal tube ends joined together through use of thermally expandable steel bellows and glass-

metal seals [83]. The glass cover itself has high transmittivity to solar flux (߬௚ ൐ ͲǤͻ͹) and has 

an anti-reflective coating to reduce reflective losses.  

Vacuum enclosure of the absorber tube protects the selective coating from degradation and 

virtually eliminates convective heat loss. Special chemical getters (molecule sponges) placed 

within the evacuated space, absorb gas molecules left after sealing and indicate via colour 

change, whether the tube͛Ɛ vacuum has been lost. All of the above is typical of a commercial 

PTC receiver [84,85].  In addition to all the afore mentioned components, the EES receiver 

contains an internal ͞ďĂƚƚĞƌǇ ƚƵďĞ͟ ;Figure 3) containing high energy density NaS cells or 

equivalent thermal batteries. The heat transfer fluid (HTF) therefore flows in the ͞concentric 

ĂŶŶƵůĂƌ ƐƉĂĐĞ͟ between the absorber and battery tubes.   

 



 

 

Figure 2: Schematic showing (a) Section through Standard Receiver Tube and (b) Conceptual EES Receiver Tube



 

Figure 3: Schematic showing internal assembly of tubes within the EES Receiver 

 

Heat is transferred through forced convection from the HTF to the battery tube wall, which 

should be made of a highly thermally conductive material such as aluminium, capable of the 

process duty (temperature and pressure). For higher temperature systems (T > 500°C), a steel 

battery tube would be required. Inside the battery tube, is a special ceramic tube (Figure 3) which 

houses the NaS batteries. The fundamental purpose of this tube is to electrically insulate NaS 

batteries from each other and also from the rest of the receiver, thereby preventing short 

circuiting. Therefore, this tube should be electrically non-conductive.  

However, since heat must be transferred from the battery tube to the NaS cells the chosen 

ceramic tube should also have good thermal conductivity. A low cost ceramic material which 

serves both purposes well is mullite alumina, which unlike silicon carbide (another low cost 

material that was considered) is electrically non-conductive [86,87]. It is also important to note 

that for effective heat transfer, the battery tube, ceramic tube and NaS cells must be in good 

physical contact, albeit within the tolerances allowed for differences in thermal expansion.  

Individual NaS cells within the ceramic tube are linked electrically and physically with metallic 

interconnects, connecting opposite poles (+ with -) of adjacent batteries. Cells in a standard 4 m 

receiver would be all connected in series. However, practical receiver modules could also be 

connected in parallel to increase the current capacity of the NaS battery storage system.  

To hold the battery tube concentrically within the outer absorber tube, sƉĞĐŝĂůůǇ ĚĞƐŝŐŶĞĚ ͞ĞŶĚ 
caps͟ ;Figure 4) are either screwed on with appropriate high temperature thread sealant or 

welded in place at both receiver ends to hold the whole tube assembly together. These end caps 

have special holes or slots for the passage of HTF into the flow channel, and another channel 

orthogonal to the HTF flow for feeding the battery cable into the battery. 



 

Figure 4: Schematic showing longitudinal section of the EES Receiver near the End Cap 

 

A bung on the inside of each endcap seals the entrance of the battery tube and prevents HTF 

from entering the battery compartment. Finally, the NaS batteries are electrically insulated from 

the internal face of this bung and the rest of the receiver body, by a special mica disc. This 

completes the general description of the components making up the design of conceptual EES 

receiver, along with their intended functionality. The next section now discusses the intended 

operation of the designed receiver in a typical PTC Power plant. 

 

4. Operation of the EES Receiver in a typical PTC Power Plant 

The EES receiver is intended to operate within a PTC Power plant as the Heat Collecting Element 

(HCE). A typical PTC power plant layout (Figure 5) comprises three main parts: a solar field, a 

thermal storage block and a power block. The solar field consists of long rows of highly reflective 

parabolic trough mirrors, arranged in loops, and attached to large rotatable tracking platforms 

[88]. 



 

Figure 5: Schematic of layout of a standard PTC Power Plant (Source:[89]) 

These platforms are oriented axially along a north-south line where they track the sun along an 

east to west path (Figure 6). IŶĐŽŵŝŶŐ ƐŽůĂƌ ͞ďĞĂŵ͟ radiation is concentrated by a factor of 20 - 

80 suns unto a selectively coated black absorber tube, at the focal axis of the trough. Typical solar 

to electrical conversion efficiencies of 24% [90] ĂƌĞ ƐƚĂŶĚĂƌĚ ĨŽƌ ƚŽĚĂǇ͛Ɛ ĐŽŵŵĞƌĐŝĂů PTC plants, 

a value notably higher than the highest efficiency values (22%) of solar photovoltaic modules 

available in the market [91]. 

 

 

Figure 6: East-West tracking of a parabolic trough collectors (Adapted: [92]) 



 

The concentrated solar radiation absorbed by the PTC receiver typically heats a special fluid (HTF) 

circulating inside (at  8-9 kg/s) up to a working temperature of about 393oC [88]. The hot fluid is 

ƚŚĞŶ ƉƵŵƉĞĚ ŝŶƚŽ ƚŚĞ ƉůĂŶƚ͛Ɛ ƉŽǁĞƌ ďůŽĐŬ͕ ǁŚĞƌĞ ŝƚ ĞǆĐŚĂŶŐĞƐ sensible heat to produce 

superheated steam (100 bar, 371oC) for driving a Rankine power cycle  steam turbine, which is 

mechanically coupled to an electric generator [93].  Once through the power block, the cooled 

HTF is pumped back into the solar field for the cyclic reheating process.  

The hybridizing of NaS and PTC technologies to build a conceptual EES PTC power plant is possible 

because of the following reasons.  

a) The 300-400°C operating temperature range of both technologies [6],[3] is naturally coincident. 

b)  The layout of the conceptual EES PTC plant would be identical to that of an existing PTC power 

plant, requiring only a special internal modification of the receiver in the solar field.  

c) The modification required for production of the EES receiver will affect chiefly the diameter (cross 

sectional) of the traditional receiver and therefore should adapt itself easily to existing operating 

facilities. 

Some important conditions identified for the operation of this conceptual PTC plant are as 

follows: 

a) The volume of the HTF annulus and/or mass flow in the EES receiver (hence receiver size) must 

be correctly optimized to maintain the heat transfer/enthalpy requirements of the PTC plant. 

b) The HTF mass flow and heat exchange, along with NaS cell charge/discharge must be controlled 

as required to maintain the NaS cell temperatures ideally within the 300-450°C operating range. 

c) The NaS cells should ideally be charged during the main daylight hours, storing available solar 

energy in electrical form for discharge during evening and night-time hours, when the sun is 

unavailable and energy demand peaks. 

d) In the situation that the cells reach full charge during the daylight hours, the endothermic heat 

flux normally absorbed during the charging process will become zero. Consequently, if solar flux 

continues to pass into the cells, cell temperatures could rise above the maximum operating value 

and cause cell failure.  Therefore, HTF mass flows must be controlled such that the temperature 

of the HTF in the annulus around the cell always stays within the 300-450°C operating range.  If 

this condition is satisfied, the NaS cell temperature will only approach (Figure 7), but never exceed 

HTF operating temperature range, with flux into the cells becoming zero as ܶே௔ௌ ՜ ௛ܶ௧௙.  



 

Figure 7: Schematic illustrating the relationship between NaS and HTF temperature profiles 

 

e) Fully charged cells should NOT be discharged for extended periods during daylight hours, since 

the discharge process is exothermic. However, if this must be done outside of night time hours 

(eg. to provide ramping reserves and other ancillary power support services), EES receivers 

should be partially or totally defocused from the incident solar radiation as required to stay 

within cell operating temperature limits.  

In addition, the HTF temperature and mass flow in the EES HTF loop (Figure 8) must be controlled 

so that the heat generated during cell discharge is sinked from the NaS cells into the power plant 

block, or into the thermal storage tanks.   



 

Figure 8: Schematic representation of the conceptual EES HTF loop 

 

Heat transfer in the EES receiver comprises:  

a) Heat transfer from the sun to the working fluid 

b) Heat losses from the EES receiver to the ambient 

c) Heat transfer from the working fluid to the NaS cells  

d) Heat transfer from the NaS cells to the working fluid (occurs during electrical discharge) 

During daytime hours, solar radiation is used to: 

a) Heat the NaS cells in the EES receiver up to a working temperature of between 300°C (HTF 

inlet temp.) and 400°C (HTF outlet temp.).   

b) Raise the HTF up to a typical working temperature of about 400°C for driving the Rankine 

steam cycle of the power plant. 

c) Charge the thermal energy storage system (molten salt tank). 

The EES power plant could also provide another very significant advantage over the conventional 

plant during night time operation. With much lower ambient temperatures, an absence of solar 

radiation, and possibly clear skies at night time, the temperature of HTF in the solar field will 

gradually fall and freezing could occur. This is largely owing to heat radiation to the sky and 

convection to the ambient by the receivers (Figure 9). This problem is solved in conventional PTC 

plants by circulating the HTF through an auxiliary heat exchanger powered by a gas fired boiler 

or by electrical joule heating through the absorber tube walls [88].   



 

Figure 9: Thermal resistance model of heat flow in the EES receiver (night time)  

 

If the  NaS cells are discharged during night time hours for power generation, given that cell 

discharge is an exothermic process [10], with appropriate controls, the heat generated during 

night time discharge could prove effective in maintaining the HTF temperature of the solar field, 

without requiring auxiliary power. All these concepts are topics for future evaluation and 

thorough analysis. In the next section, the mathematical models describing the heat transfer 

processes within the EES receiver are presented. 

 

5. Modelling of Heat Transfer to the NaS Cell 

In this section, the mathematical models that represent the key heat transfer processes are 

presented. Assumptions that have been made for the sole purpose of model simplification and 

easier computation are now given in the brief sub-section that here follows. 

 

5.1. Assumptions used in Heat Transfer Modelling  

The following assumptions were made to simplify the system of mathematical equations that 

model the EES receiver. It was assumed that: 



1. A vacuum exists between the absorber tube and glass cover of the EES receiver. Therefore, 

convective heat loss can be neglected. 

2. Conductive losses from the tube supports are negligible and therefore can be ignored. 

3. The NaS cells and battery tube combination have infinite conductance, with no axial or radial 

temperature gradients. Therefore, this allows the use of an average cell temperature ܶே௔ௌ, in 

all calculations.  

4. Variation in HTF temperature is one-dimensional, and occurs only in the axial (HTF flow) 

direction. Therefore, the HTF has no radial temperature gradients and an average HTF 

temperature ܶ௛௧௙ǡ can be used in all calculations. 

5. Both the inner sodium and outer sulphur electrodes change phase at a common temperature  

representing the solidʹliquid phase change temperature for the ͞ĞŶƚŝƌĞ NĂ“ ĐĞůů͟. This greatly 

simplifies computation and is permissible since the inner sodium electrode (which melts at 

roughly 100oC) is heated from the outer sulphur electrode which melts at approximately 

115.21oC [10],[11]. However, in the simulations presented in section seven, it was more 

convenient to use a value of 130oC (based on simulated results of HTF outlet temperture).  

With the above model assumptions stated, the first modelling sub-section which now follows, 

presents the lumped capacitance model and the modes of nodular heat transfer within the EES 

receiver system.  

 

5.2. The NaS Cell Lumped Capacitance Model and Nodular Heat Transfer within the     EES 

Receiver System 

For simplicity, but still to provide a useful model of the internal heat transfer, the NaS cell is 

considered to have infinite internal conductance and lumped thermal capacitance (Figure 10). The 

actual thermal resistances inside the cell, theoretically considered as being external, are used to 

calculate an overall heat transfer coefficient ܷ௢ǡே௔ௌ , between the moving HTF and the NaS cell.   

 



 

Figure 10: Schematic illustrating lumped thermal capacitance of NaS cell 

 

The calculation of the overall heat transfer coefficient  ܷ௢ǡே௔ௌ as described by Duffie and 

Beckman [94] was effected by considering the entire set of layers involved in heat transfer to the 

NaS cell, as depicted in a simplified longitudinal section of the most widely used ͞ĐĞŶƚƌĂů ƐŽĚŝƵŵ͟ 

NaS cell (Figure 11).  



 

Figure 11: Heat transfer to a 300 Ah central sodium NaS cell (Adapted:[95]) 

 

The equation concerning heat transfer to the NaS cell is given as follows: ࢗԢሶ ࡿࢇࡺିࢌ࢚ࢎǡ࢜࢔࢕ࢉ ൌ ࢌ࢚ࢎࢀሺ࢕ǡ࢚࢈ࡰ࣊כࡿࢇࡺǡ࢕ࢁ െ  ሻ       (1)ࡿࢇࡺࢀ

 

 

Figure 12: Schematic showing thermal resistance between HTF and NaS Cell 

 

Regarding the resistance network (Figure 12), the overall heat transfer coefficient  ܷ௢ǡே௔ௌ is given 

as follows: 



    

ࡿࢇࡺǡ࢕ࢁ ൌ ൥ ૚࢔࢔ࢇࢎǡ࢏ ൅ ૛࢕ǡ࢚࢈ࡰ ൝࢔࢒൬࢚࢈ࡰǡ࢚࢈ࡰ࢕ǡ࢏ ൰࢚࢈࢑ ൅ ࢏ǡ࢚ࢉࡰ࢕ǡ࢚ࢉࡰ൬࢔࢒ ൰࢚ࢉ࢑ ൅ ࢏ǡࢋ࢙ࢇࢉࡰ࢕ǡࢋ࢙ࢇࢉࡰ൬࢔࢒ ൰ࢋ࢙ࢇࢉ࢑ ൅ ࢏ǡ࢒࢛࢙ࡰ࢕ǡ࢒࢛࢙ࡰ൬࢔࢒ ൰࢒࢛࢙࢑ ൅ ࢏ǡࢇ࢚ࢋ࢈ࡰ࢕ǡࢇ࢚ࢋ࢈ࡰ൬࢔࢒ ൰ࢇ࢚ࢋ࢈࢑ ൅ ࢏ǡ࢙࢜ࡰ࢕ǡ࢙࢜ࡰ൬࢔࢒ ൰࢙࢜࢑ ൅ ࢏ǡࢇࡺࡰ࢕ǡࢇࡺࡰ൬࢔࢒ ൰ࢇࡺ࢑ ൡ൩   (2) 

Jefferson (1972) recommended a correction correlation that was used to improve the accuracy 

of the overall heat transfer coefficient ܷ௢ǡே௔ௌ  in the lumped capacitance model. It yields a 

modified coefficient ܷ௢ǡே௔ௌכ  which brings the results of the lumped capacitance approach into 

closer agreement (Figure 13) with a transient conduction model. This correlation is given as [96]: 

૚࢕ࢁǡכࡿࢇࡺ ൌ ૚ା۰ܑ ૞Τ࢕ࢁǡࡿࢇࡺ           (3) 

where the Biot number, Bŝ ൌ ௎೚ǡಿೌೄ௅೎௞ಿೌೄ Ǣ and  ܮ௖ the characteristic length, defined as the ratio of 

ƚŚĞ ďĂƚƚĞƌǇ ƚƵďĞ͛Ɛ ŝŶƚĞƌŶĂů ǀŽůƵŵĞ ƚŽ ƐƵƌĨĂĐĞ ĂƌĞĂ ŝƐ ŐŝǀĞŶ ĂƐ͗ 

ࢉࡸ ൌ ࢕ǡ࢚࢈ࢇࢋ࢘࡭࢚࢈ࢋ࢓࢛࢒࢕ࢂ ൌ ሻ૛࢕ǡ࢚࢈ࡰሺ࣊ ૝ൈࡿࢇࡺࡸൗ࢚࢈ࡰ࣊ǡࡿࢇࡺࡸ࢕ ൌ ૝࢕ǡ࢚࢈ࡰ        (4) 

 

 

Figure 13: Comparative accuracy ŽĨ JĞĨĨĞƌƐŽŶ͛Ɛ Correction for improving normalized transient 

heat flux (ࡽሶ ) predictions in Lumped Capacitance Model predictions (Source: [96]) 

 

Time dependent temperature variation in the Tepco T5 NaS cell modelled in this work is due to 

sensible heat transfer with the HTF, as well as entropic heat generation (exothermic and 

endothermic during cell discharging and charging respectively) within the NaS cell. As given by 



Gibbard (1978), the total heat energy generated or absorbed by the NaS cell can be represented 

as [97]: ࡽሶ ࡿࢇࡺ ൌ ሶࡽ ࢍ࢔࢏࢚ࢇࢋࢎ̴ࢋ࢒࢛࢕࢐ ൅ ሶࡽ  ࢟࢖࢕࢚࢘࢔ࢋ̴࢔࢕࢏࢚ࢉࢇࢋ࢘ ൌ ࡿࢇࡺࡵ ቀࣁ െ ࡿࢇࡺഥࢀ  ቁ   (5)ࡿࢇࡺഥࢀࢊࡿࢇࡺࡱࢊ

 

where ߟ is the battery polarization and തܶே௔ௌ ௗாಿೌೄௗ ത்ಿೌೄ is the entropy term. 

The battery polarization ܫ = ߟே௔ௌൈܴே௔ௌ  with  ܴே௔ௌ, the internal cell resistance found by the 

difference between the ͞ƌĂƚĞĚ͟ open circuit voltage at full charge and the cell voltage at a given 

time ͞ƚ͟, all divided by the current flow at that same time. 

ࡿࢇࡺࡾ ൌ  ቀࡿࢇࡺࡱǡࡿࢇࡺࡱିࢉ࢕ǡ̷ࡿࢇࡺࡵ ቁࡿࢇࡺࡵ           (6) 

 

As stated earlier, it is here assumed that the NaS cell has no axial or radial temperature gradients 

and that the whole 0.5 m length of the T5 cell is at one common temperature. This simplified 

approach allows the temperature variation to be time dependent only and represented by the 

first order partial differential equation given as: 

൬ࣔ࢞ࣔࢌ࢚ࢎࢀ ൅ ૚࢛ഥࢌ࢚ࢎ ࢚ࣔࢌ࢚ࢎࢀࣔ ൰ ൌ ሶࡹ൯൫ࢌ࢚ࢎࢀିࡿࢇࡺഥࢀ൫࢕ǡ࢚࢈ࡰ࣊ࡿࢇࡺǡ࢕ࢁ൯ାࢌ࢚ࢎࢀି࢚ࢇࢀ൫࢚ࢇࡰ࣊࢕ǡ࢔࢔ࢇࢎ ࢌ࢚ࢎ൯࢖ࢉ      (7) 

࢚ࣔࡿࢇࡺഥࢀࣔ ൌ ࡿࢇࡺ൯࢖ࢉ࢓൰൫ࡿࢇࡺഥࢀࢊࡿࢇࡺࡱࢊࡿࢇࡺഥࢀିࣁ൬ࡿࢇࡺࡵ൯ାࡿࢇࡺഥࢀିࢌ࢚ࢎࢀ൫ࡿࢇࡺ࢒ࡿࢇࡺࡰ࣊࢏ǡ࢔࢔ࢇࢎ        (8) 

 

 
Figure 14: Thermal resistance model of heat flow in the EES receiver (day time) 



 

Here, heat gain from the HTF is given by the ݄௔௡௡ǡ௜ term and heat generated within the cell during 

charge/discharge operations by the ܫே௔ௌ and  
ௗாಿೌೄௗ்  terms. The direction of daytime heat flows 

can be visualized using the thermal resistance network of  Figure 14. 

At nodes 1-3: (Heat transfer from HTF to NaS Cell) 

Since the battery polarization ܫ = ߟே௔ௌൈܴே௔ௌ, Equation      (8) can 

be rewritten as follows: 

࢚ࣔࡿࢇࡺഥࢀࣔ ൌ ࡿࢇࡺ൯࢖ࢉ࢓൰൫ࡿࢇࡺഥࢀࢊࡿࢇࡺࡱࢊࡿࢇࡺഥࢀିࡿࢇࡺࡾൈࡿࢇࡺࡵ൬ࡿࢇࡺࡵ൯ାࡿࢇࡺഥࢀିࢌ࢚ࢎࢀ൫ࡿࢇࡺ࢒ࡿࢇࡺࡰ࣊࢏ǡ࢔࢔ࢇࢎ                                                     (9) 

When only the initial heating of the NaS cells (up to operating temperature) is considered, the 

current term is zero and the partial differential equation can be simplified as follows: ࣔࢀഥ࢚ࣔࡿࢇࡺ ൌ ࡿࢇࡺ൯࢖ࢉ࢓൯൫ࡿࢇࡺഥࢀିࢌ࢚ࢎࢀ൫ࡿࢇࡺ࢒࢕ǡ࢚࢈ࡰ࣊כࡿࢇࡺǡ࢕ࢁ                                                                                             (10) 

where ܷ௢ǡே௔ௌכ, is the overall heat transfer coefficient from the HTF to the NaS cells, developed 

earlier and modified with the Jefferson correction.   

At nodes 3 - 4: (Heat transfer between Battery Tube and HTF) 

Like the NaS cell, a uniform HTF temperature is assumed with no radial temperature gradients. 

In the case of heating the cells to working temperature, heat is expected to flow into the NaS 

cells from the HTF. However, heat may also flow from the NaS cells into to HTF, during night time 

or poor sunlight conditions when the NaS battery banks are being discharged.  

Therefore, overall battery temperature change may be due to solar heat gain through the inner 

wall of the absorber tube (given by ߙ௔௡௡ǡ௢), or by heat gained from the NaS cell through the outer 

battery tube wall (given by ߙ௔௡௡ǡ௜). This is represented in Equation                                

 (11) as:  ቀࣔ࢞ࣔࢌ࢚ࢎࢀ ൅ ૚࢛ഥ܎ܜܐ ࢚ࣔࢌ࢚ࢎࢀࣔ ቁ ൌ ሶࡹ൯൫ࢌ࢚ࢎࢀିࡿࢇࡺഥࢀ൫࢕ǡ࢚࢈ࡰ࣊ࡿࢇࡺǡ࢕ࢁ൯ାࢌ࢚ࢎࢀି࢚ࢇࢀ൫࢚ࢇࡰ࣊࢕ǡ࢔࢔ࢇࢎ ࢌ࢚ࢎ൯࢖ࢉ                                                                          (11) 

 
Further, the flux conducted through the NaS battery tube wall from the HTF is given by Equation 

  (12 as: ࢗԢሶ ࢚࢈ǡࢊ࢔࢕ࢉ ൌ ૛࢚࢈࢑࣊ሺ࢚࢈ࢀǡ࢚࢈ࢀି࢕ǡ࢏ሻ࢔࢒൤࢚࢈ࡰǡ࢚࢈ࡰ࢕ǡ࢏ ൨                                                                                         (12) 



This is the same flux convected from the HTF to the NaS battery tube, and is given by Equation 

 (13 as: ࢗᇱሶ ࢚࢈ିࢌ࢚ࢎǡ࢜࢔࢕ࢉ ൌ Ԣሶࢗ ࢚࢈ǡࢊ࢔࢕ࢉ ൌ ࢌ࢚ࢎࢀ൫࢕ǡ࢚࢈ࡰ࣊࢏ǡ࢔࢔ࢇࢎ െ  ൯                                                 (13)࢕ǡ࢚࢈ࢀ

 

At nodes 4-5: (Heat transfer from Absorber Tube to HTF) 

At node 4, heat flux enters the HTF by convective heat transfer at the inner wall of the EES 

absorber tube, being conducted from the outer wall which is focused to concentrated solar flux. 

This heat flux is given by Equation  (14 as: ࢗԢሶ ࢌ࢚ࢎି࢚ࢇǡ࢜࢔࢕ࢉ ൌ ࢏ǡ࢚ࢇࢀሺ࢏ǡ࢚ࢇࡰ࣊࢕ǡ࢔࢔ࢇࢎ െ  ሻ                                                                          (14)ࢌ࢚ࢎࢀ

 

The heat flux conducted through the absorber tube (node 5 of  Figure 14)  is equal to the heat 

flux convected into the HTF and is given by Equation (15 as:   ࢗԢሶ ࢚ࢇǡࢊ࢔࢕ࢉ ൌ Ԣሶࢗ ࢌ࢚ࢎି࢚ࢇǡ࢜࢔࢕ࢉ ൌ ૛࢚ࢇ࢑࣊ሺ࢚ࢇࢀǡ࢚ࢇࢀି࢕ǡ࢏ሻ࢔࢒൤࢚ࢇࡰǡ࢚ࢇࡰ࢕ǡ࢏ ൨         (15) 

 

At nodes 6-7: (Heat balance at the absorber tube) 

The heat flux conducted through the absorber tube wall is equal to the solar energy absorbed 

by the receiver, less the radiative and convective losses at outer surface of the glass cover. This 

is given by Equation   (16 as: ࢗԢሶ ࢚ࢇǡࢊ࢔࢕ࢉ ൌ ሶࢗ ԢԢ࢒࢕࢙Ǥ࢙࢈ࢇǡ࢚ࢇࡰ࢚࣊ࢇǡ࢕ െ ሺࢗᇱሶ ࢚ࢍି࢚ࢇǡࢊࢇ࢘ࡸ ൅ ᇱሶࢗ Ԣሶࢗ ሻ     (16)࢚ࢍି࢚ࢇǡ࢜࢔࢕ࢉࡸ ࢚ࢇǡࢊ࢔࢕ࢉ ൌ ሶࢗ ԢԢ࢒࢕࢙Ǥ࢙࢈ࢇǡ࢚ࢇࡰ࢚࣊ࢇǡ࢕ െ ᇱሶࢗ ᇱሶࢗ since  ࢚ࢍି࢚ࢇǡࢊࢇ࢘ࡸ ࢚ࢍି࢚ࢇǡ࢜࢔࢕ࢉࡸ ൌ ૙Ǥ    (17) 

  

Further:  ࢗᇱሶ ࢚ࢍି࢚ࢇǡࢊࢇ࢘ࡸ ൌ ণ࢚ࢇǡ࢚ࢍି࢕ǡ࢚ࢇࡰ࣊࣌࢏ǡ࢕൫࢚ࢇࢀǡ࢕૝ െ ૝࢏ǡ࢚ࢍࢀ ൯         (18) 

and 



 ণ࢚ࢇǡ࢚ࢍି࢕ǡ࢏ ൌ ൤ ૚࢚ࢇࡲǡ࢚ࢍ ൅ ቀ ૚࢚ࢇࢿ െ ૚ቁ ൅ ࢏ǡ࢚ࢍࡰ࢚ࢇࡰ ൬ ૚࢚ࢍࢿ െ ૚൰൨ି૚
       (19) 

The fluxes ݍԢሶ ௅௖௢௡ௗǡ௚௧ and ݍሶ Ԣ௦௢௟Ǥ௔௕௦ǡ௚௧ are given as: 

Ԣሶࢗ ࢚ࢍǡࢊ࢔࢕ࢉࡸ ൌ ૛࢚ࢍ࢑࣊ሺ࢚ࢍࢀǡ࢚ࢍࢀି࢏ǡ࢕ሻܖܔ ቈ࢚ࢍࡰǡ࢚ࢍࡰ࢕ǡ࢏ ቉              (20) 

ሶࢗ Ԣ࢒࢕࢙Ǥ࢙࢈ࢇǡ࢚ࢍ ൌ ሶࢗ ԢԢ࢒࢕࢙Ǥ࢚ࢍࡰ࢚࣊ࢍࢻࣂࡷ࢓ࢽ࢓࢚࢙࣋࢔࢕ࢉǡ(21)        ࢕ 

 

At nodes 9-10: (Heat loss from the glass tube to the external environment) 

The heat flux conducted through the glass cover is finally lost by radiation to the sky and 

convection to the ambient (Figure 15). This is represented in Equations 22 to    

  (24 as follows: ݍԢሶ ௅௖௢௡ௗǡ௚௧ ൌ Ԣሶݍ ௅௥௔ௗǡ௚௧ି௦௞௬ ൅ Ԣሶݍ ௅௖௢௡௩ǡ௚௧ି௔௠௕        (22) ࢗԢሶ ࢟࢑࢙ି࢚ࢍǡࢊࢇ࢘ࡸ ൌ ণ࢚ࢍࡰ࣊࣌࢟࢑࢙ି࢚ࢍǡ࢕൫࢚ࢍࢀǡ࢕૝ െ ૝࢟࢑࢙ࢀ ൯        (23)  

and ࢗԢሶ ࢈࢓ࢇି࢚ࢍǡ࢜࢔࢕ࢉࡸ ൌ ࢕ǡ࢚ࢍࢀ൫࢕ǡ࢚ࢍࡰ࢚࣊ࢍǡ࢜࢔࢕ࢉࢎ െ  ൯      (24)࢈࢓ࢇࢀ

 



 

Figure 15: Schematic illustrating the important Heat Fluxes of the EES Receiver 

 

Now that the equations modelling both lumped capacitance and the modes of nodular heat 

transfer for the EES receiver have been presented, the next sub-section outlines the process 

developed to solve the key set of steady state algebraic equations just presented. 

 

5.3. Solving the Steady-State System of Equations 

Solving the quasi-transient system of equations consisted of a process of precedence ordering 

and back substitution of the steady state equations to formulate a very nonlinear algebraic 

equation (    (25) given in terms of the absorber wall heat flux ݍԢሶ ௖௢௡ௗǡ௔௧. 

This complex equation was then solved at each spatial ŶŽĚĞ ŽĨ ƚŚĞ ŵŽĚĞů͛Ɛ ƚǁŽ ĚŝƐĐƌĞƚŝǌĞĚ 
transient equations. 

Writing ݍሶ ԢԢ௦௢௟Ǥ௔௕௦ǡ௔௧  in terms of the solar constant ݍሶ ԢԢ௦௢௟ and optical PTC parameters 

௠ǡߛ௠ǡߩ) ߬௚௧ǡ ௔௧ǡߙఏǡܭ  :௚௧), givesߙ
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       (25) 

 

This is the central implicit and non-linear equation in terms of useful heat flux through the 

absorber tube walls into the HTF, ݍԢሶ ௖௢௡ௗǡ௔௧ that is the backbone of all model computations. The 

goal seek tool in Microsoft Excel was employed to find the value of this heat flux at each spatial 

node of the computational domain.  

To corroborate the accuracy of the MS Excel results, a binary search (see supplementary data in 

the supporting files accompanying this paper) was conducted to check the MS Excel output. Both 

results agreed and the resulting values were identical to a tolerance of 10-4. With ݍԢሶ ௖௢௡ௗǡ௔௧ 

computed, the other fluxes and temperatures across the cross section (which are functions of ݍԢሶ ௖௢௡ௗǡ௔௧) were easily determined. The next sub-section outlines the reference frame 

transformation for the two partial differential equations used in the model. 

 

5.4. Reference Frame Transformation for the Transient Equations of the Heat Transfer 

Model 



The second step in the process of solving the system of equations was the transformation of 

the transient Equations    (26 and     (27 from a 

Eulerian to a Lagrangian flow reference frame.  

ቀࣔ࢞ࢊࢌ࢚ࢎࢀ ൅ ૚܎ܜܐ࢜ ࢚ࣔࢌ࢚ࢎࢀࣔ ቁ ൌ ሶࡹ൯൫ࢌ࢚ࢎࢀିࡿࢇࡺഥࢀ൫࢚࢈ࡰ࣊࢏ǡ࢔࢔ࢇࢎ൯ାࢌ࢚ࢎࢀି࢚ࢇࢀ൫࢚ࢇࡰ࣊࢕ǡ࢔࢔ࢇࢎ ࢌ࢚ࢎ൯࢖ࢉ      (26) 

 

࢚ࣔࡿࢇࡺഥࢀࣔ ൌ ࡿࢇࡺ൯࢖ࢉ࢓൰൫ࡿࢇࡺഥࢀࢊࡿࢇࡺࡱࢊࡿࢇࡺഥࢀିࡿࢇࡺࡾࡿࢇࡺࡵ൬ࡿࢇࡺࡵ൯ାࡿࢇࡺഥࢀିࢌ࢚ࢎࢀ൫ࡿࢇࡺ࢒ࡿࢇࡺࡰ࣊࢏ǡ࢔࢔ࢇࢎ       (27) 

 

The transformed equations       

 (28 and  (29 are:  

ᇱ࢚ࣔࡿࢇࡺഥࢀࣔ ȁ࢞ᇲ ൌ ࡿࢇࡺ൯࢖ࢉ࢓൯൫ࡿࢇࡺഥࢀିࢌ࢚ࢎࢀ൫ࡿࢇࡺᇲࡸࡿࢇࡺࡰ࣊࢏ǡ࢔࢔ࢇࢎ          (28) 

 

ᇲ࢞ࣔࢌ࢚ࢎࢀࣔ ȁ࢚ᇲ  ൌ ൈ࢖࢕࢕࢒ ࢝࢕࢒ࢌࡸ ቊ࢔࢔ࢇࢎǡ࢚ࢇࡰ࣊࢕൫ࢌ࢚ࢎࢀି࢚ࢇࢀ൯ା࢔࢔ࢇࢎǡ࢚ࢇࡰ࣊࢏൫ࢀഥࢌ࢚ࢎࢀିࡿࢇࡺ൯൫ࡹሶ ࢌ࢚ࢎ൯࢖ࢉ ቋ      (29) 

 

The ĚŝƐĐƌĞƚŝǌĂƚŝŽŶ ŽĨ ƚŚĞ P͘D͘E͛Ɛ ĨŽƌ ŶƵŵĞƌŝĐĂů ƐŽůƵƚŝŽŶ ƵƐŝŶŐ Ă ĨŝŶŝƚĞ ĚŝĨĨĞƌĞŶĐĞƐ ĂƉƉƌŽĂĐŚ is given 

next. 

 

5.5. Discretization and Numerical Solution of the Partial Differential Equations  

TŚĞ ƚƌĂŶƐĨŽƌŵĞĚ P͘D͘E͛Ɛ (       (28) and ( (29), 

were discretized for solution by a finite differences numerical scheme comprising a first order 

forward difference (predictor), and a second order modified central difference (corrector).  

Using the forward difference predictor, the HTF partial derivative was re-written as follows: 

ᇲ࢞ࣔࢌ࢚ࢎࢀࣔ ȁ࢚ᇲ ൌ ᇱ࢞ο࢏ࢌ࢚ࢎࢀశ૚ି࢏ࢌ࢚ࢎࢀ       (30) 

and 

ᇱ࢚ࣔࡿࢇࡺഥࢀࣔ ȁ࢞ᇲ ൌ ᇱ࢚ο࢏ࡿࢇࡺഥࢀశ૚ି࢏ࡿࢇࡺഥࢀ       (31) 



At the first increment i = 1 using the first order predictor: 

ሺ૚ሻࢌ࢚ࢎࢀ ൌ ሺ૙ሻࢌ࢚ࢎࢀ ൅ ο࢞Ԣ ൈࢎࢉ ࢝࢕࢒ࢌࡸǤ ቈ࢔࢔ࢇࢻǡ࢚ࢇࡰ࣊࢕൫ࢌ࢚ࢎࢀି࢚ࢇࢀ൯ା࢔࢔ࢇࢻǡ࢚ࢇࡰ࣊࢏൫ࢀഥࡿࢇࡺǡࢌ࢚ࢎࢀି࢒ࢇ࢏࢚࢏࢔࢏൯൫ࡹሶ ࢌ࢚ࢎ൯࢖ࢉ ቉૙   (32) 

Modifying this result using the second order corrector gives:  

ሺ૚ሻࢌ࢚ࢎԢࢀ ൌ ሺ૙ሻࢌ࢚ࢎࢀ ൅ ο࢞ᇱ ൈࢎࢉ ࢝࢕࢒ࢌࡸǤ૛ ቊቈ࢔࢔ࢇࢎǡ࢚ࢇࡰ࣊࢕൫ࢌ࢚ࢎࢀି࢚ࢇࢀ൯ା࢔࢔ࢇࢎǡ࢚ࢇࡰ࣊࢏൫ࢀഥࢌ࢚ࢎࢀିࡿࢇࡺ൯൫ࡹሶ ࢌ࢚ࢎ൯࢖ࢉ ቉૙  ൅
 ቈ࢔࢔ࢇࢎǡ࢚ࢇࡰ࣊࢕൫ࢌ࢚ࢎࢀି࢚ࢇࢀ൯ା ࢔࢔ࢇࢎǡ࢚ࢇࡰ࣊࢏൫ࢀഥࢌ࢚ࢎࢀିࡿࢇࡺ൯൫ࡹሶ ࢌ࢚ࢎ൯࢖ࢉ ቉૚ ቋ        (33) 

Programme code for a Visual Basic code was written in Microsoft Excel to implement the 

ŶƵŵĞƌŝĐĂů ƐŽůƵƚŝŽŶ ŽĨ ƚŚŝƐ ͞ƋƵĂƐŝ-ƚƌĂŶƐŝĞŶƚ͟ system of equations. The predictor and corrector 

calculations were iterated until the difference between predicted and corrected values was 

within a given tolerance of 1x 10-4°C. The value of the absorber tube temperature used in these 

calculations was derived from the solution (using a Microsoft goalseek tool) of the precedence 

ordered highly non-linear equation     (25) given in terms of the heat flux ݍԢሶ ௖௢௡ௗǡ௔௧. 

The other transient equation    (34) regarding the sodium sulphur battery 

temperature ܶതே௔ௌǡ was solved analytically at the same increment using the ͞ĨŝŶĂů ĐŽƌƌĞĐƚĞĚ ǀĂůƵĞ͟ 

of HTF temperature obtained from the finite difference approximation to the solution.  

ǯ࢚ࣔࡿࢇࡺഥࢀࣔ ȁ࢞ᇲ ൌ ᇲࡿࢇࡺࡸ࢕ǡ࢚࢈ࡰ࣊࢏ǡ࢔࢔ࢇࢎ ൫ࢀିࢌ࢚ࢎࢀഥࢉ࢙࢙൯൫࢖ࢉ࢓൯ࢉ࢙࢙      (34) 

Since ݔᇱ is invariant at ሺͲǡ  Ԣሻ, then Equation    (34 becomes the ordinaryݐ

differential Equation     (35:  

ǯ࢚ࢊࡿࢇࡺഥࢀࢊ ൌ ᇲࡿࢇࡺࡸ࢕ǡ࢚࢈ࡰ࣊࢏ǡ࢔࢔ࢇࢎ ൫ࢀିࢌ࢚ࢎࢀഥࡿࢇࡺ൯൫࢖ࢉ࢓൯ࡿࢇࡺ      (35) 

This equation was solved by separation of variables at ሺݔǡ Ԣሻݐ  ൌ  ሺͲǡ  ǯଵሻ  to obtain the followingݐ

solution: ࢀഥࡿࢇࡺȁ૙ǡ࢚ᇲ૚ ൌ ǯ૙࢚ห૙ǡࢌ࢚ࢎࢀ ൅ ቀࡿࢇࡺࢀሺ૙ǡ࢚ǯ૙ሻ െ ǯ૙ቁ࢚ห૙ǡࢌ࢚ࢎࢀ ĞǆƉିሺ࢚࡭ᇲ૚ሻ      (36) 

where the time value at the next increment is given as: ࢚ǯ૚ ൌ οࢌ࢚ࢎ࢛࢞ െ  ૙ .       (37)࢚



Since  ݐ଴ ൌ  :ǯ଴, then alsoݐ 

ǯ૚࢚   ൌ οࢌ࢚ࢎ࢛࢞ െ  ǯ૙       (38)࢚

For ሺݔǯǡ ǯሻݐ  ൌ  ሺͲǡ  and  ௛ܶ௧௙ሺ଴ǡ௧ǯభሻ are evaluated using the properties of the HTF and  ܥ ǯଵሻ, bothݐ

NaS cell coded into the MS Excel macro at ሺݔǯǡ ǯሻݐ ൌ ሺͳǡͲሻ . 

With this solution of the average cross sectional NaS cell temperature തܶே௔ௌ, all the temperature 

profiles along the EES receiver length are now defined. Thus, the full mathematical model of the 

system has been presented. Although this model does assume an average temperature for both 

HTF and NaS cells in all computations performed, it still provides useful insights into the nature 

of the expected heat transfer processes during the operation of the conceptual EES receiver.  

 

6. Model Validation 

Heat transfer in the EES receiver is composed primarily of two ͞ƵƐĞĨƵů ĞŶĞƌŐǇ͟ producing 

processes: (a) heat transfer to the HTF and (b) heat transfer to the NaS batteries. It is the second 

aspect of this heat transfer process that constitutes the fundamental difference between this 

current model and all the other PTC receiver models developed to date.  

Despite this difference however, it is still possible to compare the outputs of the EES receiver 

model with both credible PTC test data and with recognized models of key researchers. This can 

be achieved if the NaS cells are modelled and held under adiabatic conditions (at ambient 

temperature) so that useful solar energy is transferred only to the HTF, as in the case of a 

standard PTC receiver.  

By the process of setting the inner annular heat transfer co-efficient (for the NaS cells) to zero, 

changing the outer annular diameter to the standard internal diameter of a typical PTC receiver 

tube and making the inner one infinitesimally small, the required comparisons were realized. 

Four key performance metrics of the conceptual EES solar receiver were evaluated, namely: 

a) Receiver heat loss per metre length with absorber temperature 

b) Collector efficiency with HTF temperature 

c) Useful energy gain of the HTF with temperature 

d) Tube temperature with loop position in metres 

Forristall [98] and Dudley [99] are both prominent researchers in the field who have modelled 

the heat transfer processes in commercial PTC receivers. Forristall developed numerical 1-D and 



2-D models which were solved in Engineering Equation Solver [100]. DƵĚůĞǇ͛Ɛ ŵŽĚĞů ŽŶ ƚŚĞ ŽƚŚĞƌ 
hand was one dimensional and analytical.  

Of the two models, the Forristall model [101] was chosen for most of the comparative simulations 

performed, as the simulation parameters used were the most explicit. The following operating 

conditions, as reported in the work of Forristall were used in all validation simulations: 

 DNI (Direct normal insolation) = 950 W/m2  

 HTF = Therminol VP-1 @ 2.58 m/s 

 Collector = LS-2 

 Receiver = Schott PTR-70 

 Tsky =14oC ; Tamb = 22oC  

 

 Validation Result 1 - Receiver Heat Loss per metre length (W/m) 

In the first comparison, the EES model was used to simulate heat loss characteristics of a receiver 

with physical dimensions like that of a standard PTC receiver and compared against National 

Renewable Energy Laboratory (NREL), USA test data. Consequently, the model predicted EES 

receiver heat loss, as a function of absorber temperature is plotted in Figure 16, along with 

experimental data obtained from test results conducted at the National Renewable Energy 

Laboratory (NREL) USA. These test results were obtained from NREL test reports written by 

Burkholder and Kutscher[102],[103].  

 



 

Figure 16: Absorber heat loss per metre length vs. absorber tube temperature 

 

It was observed that the EES model under predicts the actual absorber heat loss. This results from 

the fact that it assumes a perfect vacuum between absorber and glass tubes, thus ignoring the 

convective heat exchange in the annulus. However, of the two receivers, test results of the high-

quality Schott PTR-70 most closely approximated those of the idealized condition predicted by 

the EES receiver model.  

 

 Validation Result 2 - Collector Efficiency with HTF Temperature above Ambient 

The collector efficiency output of the model was compared with validated models and 

experimental data of researchers Forristall [98] and Dudley[99]. Like the Forristall model, the EES 

model used Therminol VP-1 as the circulating HTF, and simulated performance under similar 

operating conditions.  As expected, the EES model predicted slightly higher collector efficiency 

for the same operating temperature, because of the ignored heat losses previously mentioned.  

 



 

Figure 17: Collector efficiency vs. HTF temperature above the ambient (oC) 

 

However, the efficiency curve can be seen to follow the general shape of the Forristall model by 

a fixed value of approximately 5-6 % (Figure 17) owing primarily to the fact that the same HTF was 

modelled in both cases. The efficiency ͞ĨĂůů-ŽĨĨ͟ in the experimental data reported by Dudley [99] 

however, differed from the other two curves. This resulted from the fact that Syltherm 800 HTF 

was instead used and the tests conditions were also slightly different.  

 

 Validation Result 3 - Useful Energy Gain of the HTF 

The useful energy gain of the HTF with operating  temperature along with the 1D model of 

Forristall [98] is given in Figure 18. The EES model also over predicts the useful energy gain due 

to the ignored losses stated earlier (convective heat loss between absorber tube and glass cover 

and the conductive heat loss from the tube support points along the receiver tube length).  



 

Figure 18: Useful energy gain of the HTF with operating temperature 

 

AůƚŚŽƵŐŚ FŽƌƌŝƐƚĂůů͛Ɛ ŵŽĚĞů ƐŝŵƵůĂƚĞĚ ƉĞƌĨŽƌŵĂŶĐĞ ŽǀĞƌ ŽŶůǇ Ă ƐŵĂůů ƚĞŵƉĞƌĂƚƵƌĞ ƌĂŶŐĞ͕ ƚŚĞ EE“ 
model curve nevertheless follows the general trend of the Forristall model (Figure 18) but exceeds 

each value by approximately 200 W/m. This value is representative of the combined heat losses 

(convective and conductive) per metre length of receiver, ignored by EES receiver model and 

gives a rough idea of the magnitude of these losses. 

 

 Validation Result 4 - HTF Temperature Profile along Flow Loop 

The final and most critical validation concerned the HTF temperature profile along the flow loop 

as predicted by the EES receiver model. This EES receiver model results of this work were 

compared with the predicted profile of the Forristall 2-D model [98] by setting the inner heat 

transfer coefficient of the NaS cell to zero. Results revealed that the EES temperature profile very 



closely followed the Forristall model at lower operating temperatures (Figure 19) but slightly over 

predicted the final HTF outlet temperature. 

 

 

Figure 19: Simulated tube temperature profiles with HTF loop position 

 

Based on the results of the comparative simulations, the EES model has been shown to closely  

replicate the model predictions of other key researchers and of valid NREL test data, albeit from 

an idealized perspective. This is suggestive of general model reliability for simulating the 

theoretical performance of the conceptual EES solar field. It has been deduced that the EES model 

over predicts solar field efficiency by roughly 5-6% and that a predicted useful energy gain of 

between 3200 ʹ 3600 W/m (over the 0 - 400oC operating range) contained an ignored heat loss 

in the range of 40 - 200 W/m (for all compared data). From results, it was observed that at 

maximum temperature of 450 oC the EES model (when compared to data from the state of the 

art SCHOTT PTR-70 receiver) under-predicted heat loss by a maximum of 15% due to the 

accumulated error from model idealization accumulated over the computational domain. 

 

6.1. Model Set-up Parameters and Properties used in Simulations 

The simulation parameters used in the EES receiver model are given below in Table 2. The EES 

receiver dimensions are those mentioned in the previous section and the solar field specifications 

are like those of the Andasol-1 PTC power plant at 18514 Aldeire, Granada, Spain. 



Table 2: Model parameters used in EES Receiver solar field simulation 

EES Receiver solar field model property (Unit) Value 

Absorber tube outer diameter, [wall] (m) 0.168, [0.007] 

Glass tube outer diameter, [wall] (m) 0.190, [0.005] 

NaS battery tube outer diameter, [wall] (m) 0.114, [0.006] 

HTF annulus diameter, (m) 0.040 

HTF loop length, (m) 576 

Number of HTF loops 156 

Tepco - T5 NaS cell diameter, (m) 0.0916 

Specific Heat Capacity: Tepco - T5 NaS Cell 744.2 J/kg.K [EES model calc.] 

Therminol VP-1 HTF mass flow (kg/s) 3-9 

HTF inlet temperature (oC) 20 

Initial NaS battery temperature (oC) 20 

Ambient temperature (oC) (SEGS VI data file, July 11, 1991) 

Sky Temperature (oC)[85] ͲǤͲͷͷʹͷൈ ௔ܶ௠௕ଵǤହ
 

Start-up time of day 6:30 am 

(Latitude, Longitude)- SEGS Solar Plants, USA- 

[Used for weather data] 

(35oN, 117oW) 



EES Receiver solar field model property (Unit) Value 

(Latitude, Longitude)- 50 MWe Andasol-1 Solar 

Plant, Granada, Spain [Used for solar field 

specifications in this model] 

(37oN, 73oW) 

DNI @ start-up (W/m2) (SEGS VI data file, July 11, 1991) 

Flux concentration ratio 12.37 

Receiver incidence angle 0o 

Collector/receiver parameters ߬ǡ ǡߙ ǡߩ ǡߝ ǡߛ    ఏܭ

(transmittance, absorbance, reflectivity, 

emissivity, mirror shape factor, and incidence 

angle modifier respectively) 

߬௚௟௔௦௦ ൌ ͲǤͻ͹Ǣ ߙ௔௧ ൌ ͲǤͻͺǢ ߙ௚௧ ൌͲǤͲ͵Ǣ ௠௜௥௥௢௥ߩ ൌ ͲǤͻ; ߝ௔௧ ሺܿ݊݋݅ݐ݈ܽ݁ݎݎ݋ ሻଽ; ߝ௚௧ ൌ ͲǤͻ; ߛ ൌͲǤͻǢ ఏܭ ൌ ͳ  

Collector types applicable for comparison in this 

model 

LS-3, E-100, E-150 

 

One of the set-up parameters listed in Table 2, identified the industry standard Therminol VP-1, 

as the HTF chosen for simulation. The temperature dependent fluid properties for this HTF 

[104] are given as follows: ିࡼࢂ ࢒࢕࢔࢏࢓࢘ࢋࢎࢀࣅ૚ ൌ ͲǤͳ͵͹͹Ͷ͵ െ ͺǤͳͻͶ͹͹ൈͳͲିହ൫ ௛ܶ௧௙൯ െ ͳǤͻʹʹͷ͹ൈͳͲି଻൫ ௛ܶ௧௙൯ଶ ൅ʹǤͷͲ͵ͶൈͳͲିଵଵ൫ ௛ܶ௧௙൯ଷ െ ͹Ǥʹͻ͹ͶൈͳͲିଵହ൫ ௛ܶ௧௙൯ସሾW �KΤ ሿ  ିࡼࢂ ࢒࢕࢔࢏࢓࢘ࢋࢎࢀ࢖ࢉ૚ ൌ ͳͶͻͺ ൅ ͲǤͲͲʹͶͳͶൈ൫ ௛ܶ௧௙൯ ൅ ͷǤͻͷͻͳൈͳͲି଺൫ ௛ܶ௧௙൯ଶ െ ʹǤͻͺ͹ͻൈͳͲି଼൫ ௛ܶ௧௙൯ଷ ൅ ͶǤͶͳ͹ʹൈͳͲିଵଵ൫ ௛ܶ௧௙൯ସሾJȀ��Ǥ Kሿ  ିࡼࢂ ࢒࢕࢔࢏࢓࢘ࢋࢎࢀ࣋૚ ൌ ͳͲͺ͵Ǥʹͷ െ ͲǤͻͲ͹ͻ͹ൈ൫ ௛ܶ௧௙൯ ൅ ͲǤͲͲͲ͹ͺͳͳ͸ൈ൫ ௛ܶ௧௙൯ଶ െ ʹǤ͵͸͹ൈͳͲି଺൫ ௛ܶ௧௙൯ଷሾ��Ȁ�ଷሿ  

૚ିࡼࢂ ࢒࢕࢔࢏࢓࢘ࢋࢎࢀࣇ ൌ ݁ቆ ହସସǤଵସଽ൫்೓೟೑൯ାଵଵସǤସଷିଶǤହଽହ଻଼ቇൈͳͲି଺ሾ�ଶȀ�ሿ 



Finally, both the NaS cell and Parabolic Trough Collector used in the model simulations is 

illustrated in Figure 20. This couple comprised the Tepco-T5 1.22kWh NaS cell and the 

commercially deployed LS-3 type Parabolic Trough Collector. 

 

 

Figure 20: Collector  and NaS Cell dimensions used in simulation of the EES Receiver solar field 

 

The section which follows next presents results obtained for model simulations describing the 

initial heating up of a typical 50 MWe Andasol-1 type sola field with integrated EES receivers. 

 

 

7. Results from Simulations for the Initial Heating of a Conceptual 50 MWe Solar Collector 

Field utilizing the EES Receiver 

Real operational simulations for the initial heating up of the solar field were approximated using 

the weather data obtained for the SEGS VI power plant, at Kramer Junction, California on July 18, 

1991 (shown in Figure 21). 



 

Figure 21: Weather data at SEGS VI power plant, Kramer Junction, California on July 18, 1991 

(Source:[105]) 

For the model start-up, NaS battery temperatures along the HTF loop were held at their initial 

cold temperature of 20oC. This is referred as the ͞ǌĞƌŽ ƉĂƐƐ͟ through the system (Figure 22). The 

HTF was thus allowed to heat up as it flows through the loop at a relatively low mass flow of 2.5 

kg/s, a value chosen to reduce the pumping power expended during initial heating and at the 

same time allow a HTF temperature rise above 100oC. Model results predicted an exit 

temperature of 140oC, or a temperature rise of 120oC. This value is close to the standard 

temperature rise of 100oC, typical of all solar fields operating with synthetic oil, at fully rated 

mass flows.  

 

 



 

Figure 22: TĞŵƉĞƌĂƚƵƌĞ ƉƌŽĨŝůĞƐ ĚƵƌŝŶŐ ƚŚĞ ͞ǌĞƌŽ ƉĂƐƐ͟ ƚŚƌŽƵŐŚ ƚŚĞ HTF ůŽŽƉ 

 

After the ͞ǌĞƌŽ͟ pass was used to establish the initial temperature profile of the HTF, heat 

transfer was thereafter allowed with the NaS cells during on the ͞ĨŝƌƐƚ ƉĂƐƐ͟ of the HTF through 

the loop. As expected, heat transfer to the NaS cells resulted in a slight fall in HTF temperature 

;уϭϯϬoC) when compared to the outlet temperature of the ͞ǌĞƌŽ ƉĂƐƐ͟ profile (140oC).  

This fall would have been greater had it not been for the relatively high series internal thermal 

resistance of the NaS cells, a value largely influenced by the thermal resistances of the sulphur 

electrode (0.205 W/mK ) and ߚ-alumina electrolyte (3 W/mK ) respectively [10].  

Another important observation is the large difference (Figure 23) between the absorber tube and 

HTF temperatures at start-up. This large difference results from the impact of concentrated solar 

radiation on an initially cold absorber tube, and the time delay in effecting heat transfer to the 



HTF (absorber thermal inertia). It was also seen that this difference is significantly reduced as the 

HTF heats up along the HTF flow path.  

The glass cover temperature change was seen to be nonlinear, but is at a significantly lower value 

compared to the NaS and HTF temperatures. Also, owing to incident concentrated solar radiation 

passing ͞ŝŶƚŽ͟ the receiver, the outer glass surface was seen to be slightly hotter than the inner 

one. 

 

 

Figure 23: TĞŵƉĞƌĂƚƵƌĞ ƉƌŽĨŝůĞƐ ĚƵƌŝŶŐ ƚŚĞ ͞ĨŝƌƐƚ ƉĂƐƐ͟ ƚŚƌŽƵŐŚ ƚŚĞ HTF ůŽŽƉ 

 

It is important to mention that heat transfer from the HTF to the NaS cells occurs only ͞ĂĨƚĞƌ ŽŶĞ 
residence time through the total power ƉůĂŶƚ ĨůŽǁ ĐŝƌĐƵŝƚ͟ (comprising solar field loop, header, 

runner and the pipework of the storage/power block) and only if the solar field HTF ͞ƌĞƚƵƌŶ 
ƚĞŵƉĞƌĂƚƵƌĞ͟ exceeds the initial cold temperature of the NaS cell bed. Therefore, depending on 

the initial temperatures of the NaS cells and other sections of the flow circuit, it is possible that 

the NaS cells could be ͞ĐŽŽůĞĚ͟ rather than heated, on return of the HTF to the solar field.  



To keep the simulation realistic in terms of timescales, before the second pass was simulated, a 

transient time of approximately 5 hours was calculated (based on the DNI values of the first HTF 

pass), for heat transfer to the thermal mass of pipework in the conceptual solar field. This time 

delay would allow the entire solar field (excluding thermal storage tanks and heat exchanger 

blocks) to be brought up to the first pass HTF operating temperature of the 130oC. These 

calculations are omitted here for brevity, but are   presented for the reader͛Ɛ ƌĞĨĞƌĞŶĐĞ in 

Appendix 1. 

 

 

Figure 24: Second pass of Therminol VP-1 HTF through a representative loop in the solar field 

 

IŶ ƚŚĞ ͞ƐĞĐŽŶĚ ƉĂƐƐ͟ ;Figure 24), the HTF which had been previously held at 130oC until it had 

brought the entire plant pipe work up to temperature, is now passed through the 576 m flow 

loop. As the DNI value at this time of day (11:30 am) has now approached the rated (solar noon) 



value, the mass flow was increased to a rated 7.5 kg/s resulting in a shorter transit time of 11 

minutes.  The outlet HTF temperature was seen to rise to a new value of approximately 200oC 

during this transit time. 

At this point, it is important to point out, that this new HTF outlet temperature of 200oC will not 

be seen again at the HTF loop inlet until the entire PTC plant pipework has been heated to this 

temperature. Based on the 5-hour time delay calculated for a 100K rise, it is evident that with 

only 12 hours of solar radiation per day, it is impossible to heat up the entire plant from a cold 

temperature of 20oC to a power cycle temperature of approximately 400oC in one day without 

utilizing a gas fired boiler to initially heat up the system. This must be done when commissioning 

new plants and these calculations served mainly to show the level of delay that would be 

encountered when heating up the conceptual solar field. 

From this simulation point onward, it is assumed that all pipe work in the solar field had already 

been heated up to the power cycle operating temperature of 400oC. However, the 18-minute 

delay between HTF loop exit and re-entry in the solar field was still observed for all ensuing 

simulations. Observing this delay, the ͞ƚŚŝƌĚ ƉĂƐƐ͟ start time for HTF flow through the solar field 

(Figure 25) was calculated as follows: 

3rd pass start time = 11:30am (2nd pass start time) + (11 mins in solar field transit time) + (18 mins 

delay for return to solar field) = 11:58 am. 

Thus 11:58 am was used as the start time of the ͞ϯrd HTF ƉĂƐƐ͟ through the solar field. During 

this pass, and owing to the temperature gradient of the HTF flowing over the NaS battery tube in 

the loop, the simulation shows that now about half of the NaS cells (towards the end of the loop) 

would be experiencing phase change. This is shown by the constant temperature of these cells in 

the simulation.  Although rea life phase change of the NaS cells does occur in the 115 - 120oC, the 

first pass HTF temperature value of 130oC ǁĂƐ ƵƐĞĚ ĨŽƌ ĐŽŶǀĞŶŝĞŶĐĞ ĂƐ ƚŚĞ ͞ƐŝŵƵůĂƚŝŽŶ ƉŚĂƐĞ 
ĐŚĂŶŐĞ ƚĞŵƉĞƌĂƚƵƌĞ͟ ĨŽƌ ƚŚĞ ĞŶƚŝƌĞ ƐŽůĂƌ ĨŝĞůĚ͘ TŚŝƐ ĚŽĞƐ ŶŽƚ ĂĚǀĞƌƐĞůǇ ĂĨĨĞĐƚ Ăƚ ƚŚĞ ŵĞĂŶŝŶŐ ŽĨ 
the results as under real conditions the only difference would be a slightly lower phase change 

temperature. 

 



 

Figure 25: Third pass of Therminol VP-1 HTF through a representative loop in the solar field 

 

At the end of the fourth pass (Figure 26), most of the NaS cells in the HTF loop would have been 

still been undergoing phase change, with only a few cells near the end of the loop having fully 

completed their phase change. 

 



 

Figure 26: Fourth pass of Therminol VP-1 HTF through a representative loop in the solar field 

 

By the time of the fifth pass (Figure 27), most of the NaS cells in the loop would have passed 

through phase change and would have again begun to experience a temperature rise. There is a 

slight fall in the gradient of the slope near the end of this profile. This was influenced by the 

previous gradient at the end of the fourth pass, resulting in a lower driving force for heat transfer 

to the NaS cells during the fifth pass. 

 



 

Figure 27: Fifth pass of Therminol VP-1 HTF through a representative loop in the solar field 

 

At the time of the sixth pass (Figure 28), simulations revealed that all the NaS cells would have 

completed phase change, and that cell temperatures would continue to rise, approaching that of 

the average HTF temperature. 

 

 



 

Figure 28: Sixth pass of Therminol VP-1 HTF through a representative loop in the solar field 

 

For the 7th to 13th passes, (Error! Reference source not found. to Error! Reference source not 

found.) results show the NaS battery temperature gradually approaching that of the HTF. In all 

these passes the HTF is assumed to be ͞ĐŽŽůĞĚ ĚŽǁŶ͟ ďǇ ŚĞĂƚ ƚƌĂŶƐĨĞƌ ŝŶ ƚŚĞ ƉůĂŶƚ͛Ɛ ƚŚĞƌŵĂů 
storage system and returned to the solar field at a fairly constant temperature of 300oC, as would 

be the case in any traditional PTC utilizing a Therminol VP-1 heat transfer fluid.  These plots are 

not shown for the sake of brevity in this work. 

 

 



 

Figure 29: Fourteenth and final pass of Therminol VP-1 HTF through a loop in EES solar field 

 

At the time of the fourteenth pass, the NaS cells would have finally reached thermal equilibrium 

with the HTF (Figure 29) and be ready for charging. This charge/discharge operation will be 

presented in a follow-up article to this work. 

 

 

 

8. Summary and Conclusion 

 

In this paper, both the conceptual representation and system of mathematical models describing 

the heat transfer processes in a novel Electrical Energy Storage (EES) PTC receiver have been 

presented. The EES receiver is a novel conceptual receiver with integrated electrical energy 



storage, a concept that is of critical importance in the context of the Renewable Energy 

revolution, Smart Grid Demand Support and many other potential ancillary power support 

services for existing utility grids.  In this paper, the conceptual EES receiver was mathematically 

modelled through the numerical solution of a quasi-transient system of 10 steady state and 2 

transient equations, given in terms of the important nodular temperatures and heat fluxes of the 

EES receiver.  

It was shown that the steady state equations were combined to produce a highly non-linear 

equation in ݍԢሶ ௖௢௡ௗǡ௔௧, the heat flux conducted through the absorber wall flux, which was solved 

using the goalseek tool available in Microsoft Excel.  The solution to this ͞ŵĂŝŶ͟ equation served 

as the backbone of a Visual Basic macro coded in Microsoft Excel for the incremental solution of 

discretized transient equations along the axial length of the HTF flow path. TŽ ƚŚĞ ƌĞƐĞĂƌĐŚĞƌ͛Ɛ 
best knowledge, this may be one of the few or probably singular published cases where a 

complete Solar Parabolic Trough system model has been solved in this manner and outside of 

the use of established software packages such as MATLAB/ Simulink, TRNSYS or Scilab/Xcos. 

With regards to the initial heating up to operating temperature of the conceptual EES receiver 

solar field (with the NaS cells held under adiabatic conditions), both NREL test results and 

validated models of other researchers were used to assess model predictions. It was found that 

the model provides valid predictions of the key operating parameters, but over, or under predicts 

these parameters slightly because of the idealistic heat transfer conditions assumed (ignoring of 

annular convective losses in glass cover and conductive losses from the absorber tube). It was also 

seen that the EES receiver exhibits a relatively higher heat loss, which is directly influenced by its 

much larger absorber surface area and consequently lower flux concentration ratio.  

Despite these factors however, the results of the model have been validated, as key plant 

performance indicators (at working temperatures of 300-400oC) such as useful energy gain 

(3000-4000 W/m) and collector efficiency (75 ʹ 61%) are well within the expected operational 

range for standard solar PTC fields  when the model was forced to run under identical operating 

conditions[98] . Most importantly under adiabatic NaS cell conditions, the computational results 

have been shown to be highly comparable to experimentally validated data[99,102,103] for 

standard PTC receivers currently deployed in PTC power plants around the globe.  

A follow up article will present results from charge/discharge simulations of this conceptual EES 

receiver in a typical 50 MW (Andasol Type) PTC power plant. 
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Appendix 1  

Time Delay Calculations for Heating Thermal Mass of an Andasol-1 Type Solar Field 

It was important to develop a rough estimate of the maximum time delay between HTF exit and 

re-entry, in a representative HTF loop. A schematic depicting the layout typical of the Andasol-1 

power plant layout (Figure 30) was therefore used to estimate the HTF flow distance between 

the power block and one of the HTF loops furthest from it (loop 117). Based on a ͞ƌŽƵŐŚ͟ 

calculation, the average distance the HTF travels to and from this loop, is approximately 2000 m. 

 

 

Figure 30: Schematic illustrating the layout of an Andasol-1 type PTC solar field (Adapted:[106]) 

 

Further, for estimation of the time delay associated with HTF͛Ɛ Ğǆŝƚ ĂŶĚ ƌĞ-entry into the solar field, it is 

also necessary to know the average HTF velocity through this ͞estimated 2000 ŵ ŽĨ ƉŝƉĞǁŽƌŬ͟.  In the 

System Advisor Model (SAM) ͚Technical Manual for the Physical Trough Model͛ [107], Wagner and Gilman 

of NREL, USA refer to PTC plants as having three different pumps for the HTF flow loop. These pumps are 

used to connect the three main piping sections of the plant, (power block, solar field and header/runners). 

Therefore, as different flows are typical across the three main sections of HTF flow circuitry, it was 



inappropriate to apply the same flow velocity of 0.2964 m/s used previously for the ͞ĨŝƌƐƚ ƉĂƐƐ͟ through 

the solar field, to the rest of pipework in the system.  

According to Wagner and Gilman, the design-point HTF velocity used for PTC plants in SAM software is 

1.85 m/s. Using this velocity as a ͞ ƌŽƵŐŚ ĞƐƚŝŵĂƚĞ͟, the maximum expected time delay between solar field 

HTF exit and re-entry into the chosen representative loop was evaluated as follows: 

ൌ ݕ݈ܽ݁݀ ݁݉݅ܶ ݕݐ݅ܿ݋݈݁ݒ ݐ݊݅݋݌ ݊݃݅ݏ݁݀݁ܿ݊ܽݐݏ݅݀ ݈ܽݐ݋ܶ   ൌ  ʹͲͲͲ ݉ͳǤͺͷ ݉ Τݏ ൌ ͳͲͺͳ ݏ ൎ  ͳͺ ݉݅݊ݏ 

 

In the first pass, simulations revealed an HTF loop exit temperature of approximately 130oC. As stated 

earlier in this chapter, the EES receiver operates in conjunction standard thermal storage, but before the 

storage system can be charged, the ͞ĞŶƚŝƌĞ ϮϬϬϬ ŵ ůĞŶŐƚŚ ŽĨ ƉŝƉĞ ǁŽƌŬ͟ must be heated up by the ͞ĞŶƚŝƌĞ 
ƐŽůĂƌ ĨŝĞůĚ͟.  

This requires determination of the ݉ܿ௣ value of the pipe work. For a worst-case scenario, the physical 

properties and dimensions of the largest pipe work section (runners) in a standard PTC plant were used 

to estimate the ݉ܿ௣ value of the entire 2000 m length of pipe work. Wagner and Gilman  give the largest 

pipe size used in the SAM ŵŽĚĞů ĂƐ ϳϮ͟ ƐĐŚĞĚƵůĞ D ƐƚĞĞů ƉŝƉĞ ǁŝƚŚ ĂŶ ŝŶƚĞƌŶĂů ĚŝĂŵĞƚĞƌ ŽĨ ϭ͘ϳϳϴ ŵ and a 

wall thickness of 34.5 mm [107]. 

The volume of a 2000 m length of this pipe is calculated as follows: ݁݉ݑ݈݋ݒ ൌ ௢ܦሺߨ  െ ܦ௜ሻଶൈܮ௣௜௣௘ ൌ ݉ ሺͳǤͺͶ͹ߨ െ  ͳǤ͹͹ͺ ݉ሻଶൈ͸ͷͶʹ ݉ ൌ ͻ͹ǤͺͶ ݉ଷ  

Based on the work of  Kelly and Kearney [108], the pipe work is here assumed to be ASTM A106, Grade B, 

seamless carbon steel pipe. The density of this carbon steel is given by industry datasheets as 7870 kg/m3. 

Therefore, the mass of pipework to be heated is given as: ݏݏܽܯ ൌ ݁݉ݑ݈݋ܸ ൈ ݕݐ݅ݏ݊݁ܦ  ൌ  ͹ͺ͹Ͳ �� �ଷΤ ൈͻ͹ǤͺͶ ݉ଷ ൌ ͹Ǥ͹ൈͳͲହ �� ൌ ͹͹Ͳ ������  

The mass of absorber pipework in the entire solar field must also be heated up, before heat transfer can 

begin to the HTF or NaS cells. Using the ͞ƌĞĂů͟ HTF loop length of 600 m, the total length of the 156 loops 

in the solar field is calculated as: ͸ͲͲ ݉ൈͳͷ͸ ൌ ͻ͵ǡ͸ͲͲ ݉  

The solar field absorber pipe volume can therefore be calculated as follows: ݁݉ݑ݈݋ݒ ൌ ௢ܦሺߨ  െ ܦ௜ሻଶൈܮ௣௜௣௘ ൌ ݉ ሺͲǤͳ͸ͺߨ െ  ͲǤͳͷͶ ݉ሻଶൈͻ͵͸ͲͲ ݉ ൌ ͷ͹ ݉ଷ  

Using the same density value as for ASTM A106, Grade B, seamless carbon steel pipe, the mass of absorber 

pipe to be heated is given as: ݏݏܽܯ ൌ ݁݉ݑ݈݋ܸ ൈ ݕݐ݅ݏ݊݁ܦ  ൌ  ͹ͺ͹Ͳ �� �ଷΤ ൈͷ͹Ǥ͸͵Ͷ ݉ଷ ൌ ͶͷͶ ൈͳͲଷ �� ൌ ͶͷͶ ������  



Therefore, the total mass of power plant pipe work to be heated is given as: ݈ܽݐ݋ݐ ݏݏܽܯ ൌ ൅ ݇ݎ݋ݓ ݁݌݅݌ ݈݂݀݁݅ ݎ݈ܽ݋ݏሺ ݏݏܽܯ ݈ܽݐ݋ݐ ݏݏܽܯ  ሻ ሾ������ሿ݇ܿ݋݈ܾ ݎ݁ݓ݋݌ ݋ݐ ݃݊݅ݐܿ݁݊݊݋ܿ ݇ݎ݋ݓ݁݌݅݌  ൌ ͶͷͶ  ൅ ͹͹Ͳ ൌ ͳʹʹͶ ������ 

Now, the energy captured by the HTF as it moves through each flow loop of the solar field can be 

calculated as:  ݀݁ݎݑݐ݌ܽܿ ݕ݃ݎ݁݊ܧ ሺܬሻ ൌ ሶܯ  ு்ி ሾ�� �Τ ሿൈܥ௣ǡு்ிሾJ ��KΤ ሿൈοܶሺKሻൈݐ ሾ�ሿ   
The ܥ௣ value for Therminol VP-1 increases with temperature. To remain conservative, the ͞ĐŽůĚ 
ƚĞŵƉĞƌĂƚƵƌĞ͟ ܥ௣ value of 1548 J/kg.K at the 20oC start-up temperature was used in calculation. The οܶ 

for this calculation is 110 K ([130 ʹ 20] oC), but a value of 100oC was used for calculation purposes. From 

the model simulation, the time required for one pass of the HTF through the 576 m loop at a mass flow of 

2.5 kg/s (flow velocity of 0.2964 m/s) is 32 minutes. Consequently, the energy captured by the HTF flow 

through the single representative loop is: ݀݁ݎݑݐ݌ܽܿ ݕ݃ݎ݁݊ܧ ൌ  ʹǤͷ �� �Τ ൈͳͷͶͺ J ��Ǥ KΤ ൈͳͲͲKൈሺ͵ʹ ൈ͸Ͳሻ� ൌ ͹Ͷ͵ �J 
An Andasol-1 type solar field consists of 156 loops. Assuming the same mass flow in all 156 loops the total 

energy capture of the entire solar field during this time can be estimated to be: 

ൌ ݁ݎݑݐ݌ܽܿ ݕ݃ݎ݁݊݁ ݈݂݀݁݅ ݎ݈ܽ݋ܵ  ሺ͹Ͷ͵ǤͲͶ ൈͳͷ͸ሻ�J ൌ ͳͳ͸ GJ 
It was already estimated that it would take approximately 18 minutes for the HTF to pass through the 

2000 m of header/runner pipe work in the AB flow path (Figure 30) and this time is used as representative 

of all field loops for simulation purposes. It can be therefore concluded that on average every 18 minutes, 

the 2000 m length of pipe work would receive 115.914 GJ of energy from the entire solar field. This 

translates to a rate heat transfer rate of: 

ൌ  ݁ݐܽݎ ݎ݂݁ݏ݊ܽݎݐ ݐܽ݁ܪ  ͳͳͷǤͻͳͶ ܬܩሺͳͺൈ͵ʹൈ͸Ͳሻݏ ൌ ͵Ǥ͵ͷͶ �JȀ� 

The ͞EŶŐŝŶĞĞƌŝŶŐ TŽŽůďŽǆ͟ website gives the specific heat of carbon steel as ͲǤͶͻ �JȀ��Ǥ K. Therefore, the 

energy required to heat up the entire 1224 tonnes of pipe work also by 100 K is calculated as: ܴ݁ݕ݃ݎ݁݊ܧ ݐܽ݁ܪ ݇ݎ݋ݓ ݁݌݅ܲ ݀݁ݎ݅ݑݍ ሺܬሻ ൌ ݉௣௜௣௘ ௪௢௥௞ൈܥ௣ǡ௖ି௦௧௘௘௟ൈοܶ ܴ݁ݕ݃ݎ݁݊ܧ ݐܽ݁ܪ ݇ݎ݋ݓ ݁݌݅ܲ ݀݁ݎ݅ݑݍ ሺJሻ ൌ ͳʹʹͶͲͲͲ ��ൈͶͻͲ J ��Ǥ KΤ ൈͳͲͲK ൌ  ͷͻǤͻͷ GJ  
If the heat transfer rate to the pipe work is ͳͲ͹Ǥ͵͵ �JȀ� as calculated earlier, then the total time required 

to reach an equilibrium temperature of 130oC is given as: 

ሻݏሺ ݁݉݅ݐ ݃݊݅ݐܽ݁ܪ ൌ ሺJ ݁ݐܽݎ ݎ݂݁ݏ݊ܽݎݐ ݐܽ݁ܪሺJሻ ݕ݃ݎ݁݊ܧ ݐܽ݁ܪ ݇ݎ݋ݓ ݁݌݅ܲ ݀݁ݎ݅ݑݍܴ݁  �ሻΤ  



ሻݏሺ ݁݉݅ݐ ݃݊݅ݐܽ݁ܪ ൌ ͷͻǤͻͷ GJ͵Ǥ͵ͷͶ �JȀ� ൌ ͳ͹ͺ͹ͷ ݏ ൌ ͶǤͻ͹ � 

This translates to a time of approximately 5 hours, a value which may prove conservative as during this 

time, the actual solar (DNI value W/m2) would have been increased beyond the maximum value of the 

range used in the initial 32-minute simulation.  

However, this time delay does provide a useful point in time from which to continue with the initial 

heating-up of the solar field from beyond the 130oC value. Since simulation began at 6:30 am, adding 5 

hours to this time would allow simulation to continue from the 130oC temperature value with a new start 

time of approximately 11:30 am and with HTF and NaS temperature profiles as depicted by the ͞ĨŝƌƐƚ ƉĂƐƐ͟ 

(Figure 23).  

END OF APPENDIX 1 


