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Executive Summary 

This document covers the first step of the exergy analysis as it was planned in the GA for the task T8.5. 

The objective of this analysis is to identify the irreversibility of the different components and to assess 
the inefficiencies of the system to propose different alternatives of optimization. 

To attain this objective, some simulations of the integrated ASTEP systems for MAN and AMTP cases 
were performed in some representative days and for a whole year. The formulation used allows the 
identification of the inefficiencies of each component. 

The results of these simulations show that, as expected, the main contributor to the irreversibility of 
the system is the Sundial. Other important contributors are the heat exchangers, the chiller and the 
boiler and, when the storage system is almost full, the mixture that controls the temperature at the 
inlet of the demand side. In addition, further mixing and splitting processes were analysed and 
comparisons between the two systems were established.  

This task runs in parallel to those of WP5 aimed to the optimization of the system, so it has influenced 
in the decision of the final layout of each system, as it was highly conditioned by some constraints 
exposed in [1]. This task will continue once the data collected from WP6 and WP7 will be available, to 
propose additional improvements to the system.  



  D8.5.1 Exergy Analysis of the ASTEP system 

 Page 3 of 22 

Revision history (quality control) 

 

 

Version Issue Date 
% 

Complete* Changes Contributor(s) 

V1.0 2022-05-31 99 % Initial Deliverable Structure R Barbero (UNED) 

M Ibarra (UNED) 

A Rovira (UNED) 

F Varela (UNED) 

V1.1 2022-05-31 100 % Final version of Deliverable after 
internal review and before peer 
reviewing process. 

V1.2 2022-07-04 100 % Final version after peer reviewing 
process. 

*According to ASTEP Quality Assurance Process:  
- 3 months before Deliverable’s Due Date: 50% version should be submitted for QA review. 
- 1 month before Deliverable’s Due Date: 100% version should be submitted for QA and peer review. 
- Submission month: All required changes have been applied, (including the QA and peer reviews) and it 

is ready for submission. 

Disclaimer 

The content of the publication herein is the sole responsibility of the publishers and it does not 
necessarily represent the views expressed by the European Commission or its services. 

Any dissemination of results and any communication activity related to the action, reflects only the 
author's view and it does not necessarily represent the views expressed by the European 
Commission or its services. 

While the information contained in the documents is believed to be accurate, the authors(s) or any 
other participant in the ASTEP consortium make no warranty of any kind with regard to this material 
including, but not limited to the implied warranties of merchantability and fitness for a particular 
purpose. 

Neither the ASTEP Consortium nor any of its members, their officers, employees or agents shall be 
responsible or liable in negligence or otherwise howsoever in respect of any inaccuracy or omission 
herein. 

Without derogating from the generality of the foregoing neither the ASTEP Consortium nor any of 
its members, their officers, employees or agents shall be liable for any direct or indirect or 
consequential loss or damage caused by or arising from any information advice or inaccuracy or 
omission herein. 

 

Copyright message 

© ASTEP Consortium, 2020-2024. All rights reserved. Licensed to the Innovation and Networks. 



  D8.5.1 Exergy Analysis of the ASTEP system 

 Page 4 of 22 

Table of contents 

Executive Summary ............................................................................................................ 2 

Table of contents ................................................................................................................ 4 

List of Tables ....................................................................................................................... 5 

List of Figures ...................................................................................................................... 6 

Glossary of terms and abbreviations ................................................................................... 7 

1. Introduction ................................................................................................................. 8 

1.1. Mapping ASTEP Outputs .................................................................................................................. 8 

1.2. Deliverable Overview and Structure ................................................................................................ 8 

2. Exergy balance of the integrated ASTEP system .......................................................... 10 

2.1. Introduction to the irreversibility assessment ............................................................................... 10 

2.2. ASTEP system and involved components ...................................................................................... 10 

2.3. Calculation of irreversibility in the different components ............................................................. 12 

2.3.1. Pumps .................................................................................................................................. 12 

2.3.2. Mixtures ............................................................................................................................... 12 

2.3.3. Valves ................................................................................................................................... 12 

2.3.4. Splits ..................................................................................................................................... 12 

2.3.5. Sundial.................................................................................................................................. 12 

2.3.6. Heat exchangers .................................................................................................................. 13 

2.3.7. Accumulators of the thermal storage system ..................................................................... 13 

2.3.8. Thermal losses of the piping circuit ..................................................................................... 13 

3. Results ........................................................................................................................ 14 

3.1. Results for the Mandrekas case ..................................................................................................... 14 

3.2. Results for the ArcelorMittal case .................................................................................................. 17 

4. Conclusions ................................................................................................................ 21 

References ........................................................................................................................ 22 



  D8.5.1 Exergy Analysis of the ASTEP system 

 Page 5 of 22 

List of Tables 

Table 1. Adherence to ASTEP’s GA Deliverable & Tasks Descriptions. ................................................ 8 



  D8.5.1 Exergy Analysis of the ASTEP system 

 Page 6 of 22 

List of Figures 

Fig. 1. Layout of the ASTEP system for MAN .................................................................................. 11 

Fig. 2. Layout of the ASTEP system for AMTP ................................................................................ 11 

Fig. 3. Representative points of the ASTEP system ........................................................................ 12 

Fig. 4. Irreversibility in the Sundial in the MAN case on 8th July. ................................................... 14 

Fig. 5. Irreversibility other components in the MAN case on 8th July ............................................ 14 

Fig. 6. Irreversibility in the Sundial in the MAN case on 16th May ................................................. 15 

Fig. 7. Irreversibility other components in the MAN case on 16th May ......................................... 15 

Fig. 8. Irreversibility in the Sundial in the MAN case on 7th February ............................................ 15 

Fig. 9. Irreversibility other components in the MAN case on 7th February .................................... 16 

Fig. 10. Share of cumulative yearly irreversibility at the Sundial in the MAN case .......................... 16 

Fig. 11. Share of cumulative yearly irreversibility at other components in the MAN case .............. 17 

Fig. 12. Irreversibility in the Sundial in the AMTP case on 25th May. ............................................... 17 

Fig. 13. Irreversibility other components in the AMTP case on 25th May ........................................ 18 

Fig. 14. Irreversibility in the Sundial in the AMTP case on 17th August ............................................ 18 

Fig. 15. Irreversibility other components in the AMTP case on 17th August .................................... 18 

Fig. 16. Irreversibility in the Sundial in the AMTP case on 19th October .......................................... 19 

Fig. 17. Irreversibility other components in the MAN case on 19th October ................................... 19 

Fig. 18. Share of cumulative yearly irreversibility at the Sundial in the AMTP case ........................ 20 

Fig. 19. Share of cumulative yearly irreversibility at other components in the AMTP case ............ 20 

 

 



  D8.5.1 Exergy Analysis of the ASTEP system 

 Page 7 of 22 

Glossary of terms and abbreviations 

Acronyms 
AMTP ArcelorMittal Tubular Products system 
ASTEP Application of Solar Thermal Energy to Processes 
GA Grant Agreement 
MAN Mandrekas  
  
Symbols 
B exergy (J) 

𝐵̇𝑄 exergy content of the thermal power (W) 

𝑒 specific exergy flux (J/kg) 
ℎ specific enthalpy (J/kg) 

𝐼 ̇ irreversibility (W) 
𝑀 total mass (kg) 
𝑚̇ mass flow (kg/s) 
𝑝 absolute pressure (Pa) 

𝑄̇ thermal power transferred (W) 
𝑆 entropy (J/K) 
𝑠 specific entropy (J/(kg·K)) 
𝑡 time (s) 
𝑇 temperature (K) 
𝑈 internal energy (J) 
𝑉 volume (m3) 
Ẇ useful power from the system to the environment (W) 
Δ𝑡 time interval (s) 
  
Subscripts 
0 reference conditions 
𝑏 Boiler 
𝑐ℎ Chiller 
𝑖 Inlet 
𝑙 Liquid 
𝑜 Outlet 
𝑠 Sundial/solid 
𝑠𝑡 Thermal storage 

 

 

 



  D8.5.1 Exergy Analysis of the ASTEP system 

 Page 8 of 22 

1. Introduction 

This report covers the contents of the ASTEP deliverable ‘D8.5.1. Exergy analysis of the ASTEP system’. 

The objectives of this report are: 

• Analyse the different configurations proposed for the integrated ASTEP system from the point 
of view of the exergy balance. 

• Identify the irreversibility of the components and inefficiencies of the system. 

• Range the different elements and parts of the system in terms of the exergy analysis. 

• Propose an optimized ASTEP system based on exergy analysis and considering theoretical 
assumptions. 

In this first release of the deliverable, the analyses are done using the results from the simulations of 
D5.1 [1]. 

1.1. Mapping ASTEP Outputs 

Table 1 indicates how this document addresses the goals outlined on the GA [2] for this report and its 
corresponding task. 

Table 1. Adherence to ASTEP’s GA Deliverable & Tasks Descriptions. 

TASKS 

Task 8.5 Exergy Analysis  
 

Section 2 and Section 3 

‘An Exergy based simulation of different 
technology scenarios will be performed during 
this task. The simulations and optimization 
calculations will be based on the exergetic 
assessment of the mass and energy flows and 
will produce a comprehensive, unbiased scientific 
rating that highlights the irreversibilities and 
inefficiencies within the ASTEP process. The study 
will identify the efficiency of the whole system 
and of each individual component. Exergy 
assessment can define the steps of the process 
with the highest irreversibility and exergy 
destruction. This task will add a deeper view to 
improve the flexibility and optimization of the 
system and of each single component’ 

The exergy analysis from the simulations allows 
the identification of the inefficiencies of each 
component as it is exposed in Section 2. 
The results of these analyses are collected on 
Section 3 for 3 different days in each case-study, 
which illustrates the irreversibility of the 
different components for the two designs (MAN 
and AMTP) and allows ranking these 
components. In addition, an analysis of the 
cumulative irreversibility for the whole year is 
included in this section.  

DELIVERABLE 

D8.5 Exergy analysis of the ASTEP system Section 2 and Section 3 

Exergy analysis of the system will be presented 
as part of this report. 

Section 2 and Section 3 of this report gather all 
those details corresponding to the exergy 
analyses of the two designs. 

1.2. Deliverable Overview and Structure 

Section 2 introduces the concept of exergy and the formulation of the exergy balance of an open 
system. The equations that allow the calculation of the irreversibility are applied to each equipment 
of the system along the different subsections. 
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Section 3 shows the results of the exergy analysis for each component and for the whole system. The 
system is analysed using the data for the two case-studies, namely Mandrekas (MAN) and 
ArcelorMittal (AMTP) ones. 

Finally, Section 4 shows the conclusions of the analysis.  
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2. Exergy balance of the integrated ASTEP system 

2.1. Introduction to the irreversibility assessment 

The exergy (B) of a system is the measure to quantify potential available work of the system; i. e. it is 
the maximum useful work that could be obtained from the system considering a specified reference 
environment. Besides, the exergy flux (e) of a stream is the maximum specific work that the stream 
can make against the environment until it reaches the reference conditions. 

As the thermodynamic process to make a system change from a condition to another one necessarily 
undergoes inefficiencies, this maximum available work or maximum specific work cannot be never 
achieved. The exergy loss linked to the inefficiency is called irreversibility (I) of the system or 
components, and it always takes place except for the theoretically reversible processes. 

The aim of the exergy analysis is to quantify the irreversibility of the components and the whole system 
in order to identify the sources of inefficiencies and help in the optimisation process. 

The exergy of a system can be calculated using the following equation: 

 𝐵 = (𝑈 − 𝑈0) + 𝑝0 · (𝑉 − 𝑉0) − 𝑇0 · (𝑆 − 𝑆0) (1) 

Where B is the exergy of a system, U its internal energy, V the volume of the system, S the entropy of 
the system, the subscript 0 stands for the reference state and p0 and T0 are the reference pressure and 
temperature, respectively. 

The exergy variation rate in the system can be assessed using the following equation: 

 
𝑑𝐵

𝑑𝑡
= ∑ 𝑚̇𝑖 · 𝑒𝑖𝑖𝑛𝑙𝑒𝑡 − ∑ 𝑚̇𝑜 · 𝑒𝑜𝑜𝑢𝑡𝑙𝑒𝑡 + 𝐵̇𝑄 − 𝑊̇ − 𝐼 ̇ (2) 

Where ṁ is the mass flow rate of the inlet or outlet streams to the system, e the exergy flux of these 
streams, ḂQ the exergy content of the thermal power transferred to the system, Ẇ the useful power 

from the system to the environment and 𝐼 ̇the irreversibility of the system. 

Besides, the exergy flux of a stream is calculated as: 

 𝑒 = (ℎ − ℎ0) − 𝑇0 · (𝑠 − 𝑠0) (3) 

Where h is the specific enthalpy and s the specific entropy of the stream at its thermodynamic state. 

Finally, the exergy content of the heat can be calculated using the temperature of the heat source or 
reservoir: 

 𝐵̇𝑄 = 𝑄̇ · (1 −
𝑇0

𝑇𝑠𝑜𝑢𝑟𝑐𝑒
) (4) 

where 𝑄̇ is the thermal power transferred from the source to the system. 

2.2. ASTEP system and involved components 

As it was previously mentioned, the exergy analysis of the ASTEP system is carried out for the two case-
studies reference configurations of the project, MAN and AMTP cases. 

Fig. 1 and Fig. 2 show the schematic layout of the ASTEP system for MAN and AMTP cases, respectively 
[1]. In both cases, the ASTEP system consists of the Sundial, the thermal storage system equipped with 
thermal accumulators, and different pumps, heat exchangers, valves and stream mixtures and splits. 
The heat source is the solar irradiation, which is collected and introduced into the system through the 
Sundial; and the heat sink is the thermal demand of the end-users. The different heat exchangers (for 
the boiler, chiller and oven) that transfer the thermal energy are the interfaces between the ASTEP 
system and the industrial processes. In both cases these three systems (i.e. Sundial, thermal storage 
system and heat demand) are connected in series. 
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Fig. 1. Layout of the ASTEP system for MAN 

 

 
Fig. 2. Layout of the ASTEP system for AMTP 

 

As the layouts of the two case-studies are quite similar, Fig. 3 will be used to illustrate the 
representative points of the system for both cases [1]. 
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Fig. 3. Representative points of the ASTEP system 

2.3. Calculation of irreversibility in the different components 

Taking into account the equations described in Section 2.1 and the layout and the components shown 
in Section 2.2, the following sections depict the calculation of the irreversibility for the different 
components of the ASTEP system. 

2.3.1. Pumps 

The pumps are considered to work at steady and adiabatic conditions. According to these hypotheses, 
their irreversibility can be assessed as follows: 

 𝐼̇ = 𝑚̇ · (𝑒𝑖 − 𝑒𝑜) − 𝑊̇ = 𝑚̇ · 𝑇𝑜 · (𝑠𝑜 − 𝑠𝑖) (5) 

Where ṁ is the mass flow rate through the pump since there is a single inlet and a single outlet and 
the system works in steady conditions. 

2.3.2. Mixtures 

Mixture of streams are also considered at steady conditions and adiabatic. In this case, the 
irreversibility is: 

 𝐼̇ = 𝑚̇𝑖,1 · 𝑒𝑖,1 + 𝑚̇𝑖,2 · 𝑒𝑖,2 − 𝑚̇𝑜 · 𝑒𝑜 = 𝑇𝑜 · (𝑚̇𝑜 · 𝑠𝑜 − 𝑚̇𝑖,1 · 𝑠𝑖,1 − 𝑚̇𝑖,2 · 𝑠𝑖,2) (6) 

where the subscripts 1 and 2 refer to the two mixed streams and being (mass conservation): 

 𝑚̇𝑜 = 𝑚̇𝑖,1 + 𝑚̇𝑖,2 (7) 

2.3.3. Valves 

Valves are considered to work at steady and adiabatic conditions and, therefore, isenthalpic. According 
to these hypotheses, the irreversibility is: 

 𝐼̇ = 𝑚̇ · (𝑒𝑖 − 𝑒𝑜) = 𝑚̇ · 𝑇𝑜 · (𝑠𝑜 − 𝑠𝑖) (8) 

2.3.4. Splits 

Assuming that there is no pressure drop when splitting a stream, the process is reversible, thus 
irreversibility is zero. 

2.3.5. Sundial 

As in the previous cases, it is considered that the Sundial works at steady conditions. Unlike in the 
previous components, in this case the Sundial is receiving heat in the form of solar irradiation. Although 
there are different estimations for the exergy coming from the sun, an easy and reasonable assumption 
is to consider that the heat is provided at a temperature of 5800 K. The maximum incident heat is the 
solar irradiation collected by the mirrors provided that the solar beam is perpendicular to them. This 
maximum collected energy is transferred to the receiver and then to the heat transfer fluid flowing 
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through the receiver. Along this path, there are several optical and thermal losses that make the energy 
obtained in the heat transfer fluid be lower than the collected one. Besides, the temperature of the 
heat transfer fluid is much lower than the temperature of the heat source, which conveys additional 
exergy losses. 
The total irreversibility that includes all these inefficiencies is: 

 𝐼̇ = 𝑚̇ · (𝑒𝑖 − 𝑒𝑜) + 𝐵̇𝑄 = 𝑚̇ · 𝑇𝑜 · (𝑠𝑜 − 𝑠𝑖) − 𝑄̇ ·
𝑇0

𝑇𝑠𝑢𝑛
 (9) 

2.3.6. Heat exchangers 

The heat exchangers can be considered adiabatic and working at steady conditions. As they involve 
two streams, the irreversibility can be calculated as below: 

 𝐼̇ = 𝑚̇1 · (𝑒𝑖,1 − 𝑒𝑜,1) + 𝑚̇2 · (𝑒𝑖,2 − 𝑒𝑜,2) = 𝑇𝑜 · (𝑚̇1 · (𝑠𝑜,1 − 𝑠𝑖,1) + 𝑚̇2 · (𝑠𝑜,2 − 𝑠𝑖,2)) (10) 

Where the subscript 1 is used for the primary stream and 2 for the secondary stream of the heat 
exchanger. 
In the case of the boiler, the temperature of the water during the heat transfer does not change due 
to the phase change. In such a case, the entropy variation of that stream is the heat transferred divided 
by the saturation temperature. 

2.3.7. Accumulators of the thermal storage system 

In this case, the system cannot be considered to work at steady conditions, since it is storing or 
discharging energy. The assumption of steady conditions, however, can be applied to the thermal oil 
flowing through the tubes. Besides, the thermal losses in the accumulator are not negligible, so the 
total irreversibility should be calculated using the following equation: 

 𝐼̇ = 𝑚̇ · (𝑒𝑖 − 𝑒𝑜) − 𝐵̇𝑄,𝑙𝑜𝑠𝑠 −
𝑑𝐵

𝑑𝑡
≈ 𝑚̇ · (𝑒𝑖 − 𝑒𝑜) − 𝐵̇𝑄,𝑙𝑜𝑠𝑠 − (

𝐵2−𝐵1

∆𝑡
) (11) 

where ṁ and e are the mass flow rate and exergy flow of the thermal oil through the tubes of the 
accumulator, ḂQ,loss is the exergy content of the heat losses that are evaluated at the average 
temperature of the accumulator, B2 and B1 are the exergy variation within the accumulator during the 
timestep interval, Δ𝑡, that is 15 min [3]. 
The exergy variation of the accumulator can be calculated as the sum of the exergy variation in each 
one of the nodes considered in [1]: 

 𝐵2 − 𝐵1 = ∑(𝑈2 − 𝑈1) + 𝑝0 · (𝑉2 − 𝑉1) − 𝑇0 · (𝑆2 − 𝑆1) ≈ 

 ≈ ∑(𝑀𝑠,2 · ℎ𝑠,2 + 𝑀𝑙,2 · ℎ𝑙,2 − 𝑀𝑠,1 · ℎ𝑠,1 + 𝑀𝑙,1 · ℎ𝑙,1) − 𝑇0 · (𝑀𝑠,2 · 𝑠𝑠,2 + 𝑀𝑙,2 · 𝑠𝑙,2 − 𝑀𝑠,1 · 𝑠𝑠,1 + 𝑀𝑙,1 · ℎ𝑙,1) (12) 

where the subscript s stands for the solid fraction of the molten salt and l for the liquid fraction. 

2.3.8. Thermal losses of the piping circuit 

Finally, as the pipes are not completely isolated, there are some thermal losses and a corresponding 
exergy loss even in the case of considering that the pressure drop is negligible. 

As an approximation, the exergy loss for the complete piping circuit has been considered as the exergy 
content of heat loss, evaluated at an average temperature of 200 oC. 
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3. Results 

3.1. Results for the Mandrekas case 

In this section, the results for the Mandrekas case are presented. In order to illustrate the performance, 
three days (the same as in [1]) have been selected, namely a good day (8th July), a regular day (16th 
May) and a bad day (7th February). 

Fig. 4 shows the irreversibility in the Sundial with time together with the sum of irreversibility in the 
other components for a good-day-case. It can be observed that the main source of irreversibility of the 
ASTEP system is the conversion of the solar irradiation, at about 5800 K, to heat at about 200-240 oC.  

 
Fig. 4. Irreversibility in the Sundial in the MAN case on 8th July. 

Fig. 5 shows the irreversibility of the different components of the ASTEP system for the MAN case along 
the day. It is observed that, excluded the Sundial, the main irreversibility takes place at the heat 
exchanger for the chiller plus the corresponding recirculation loop to accommodate the temperature 
(Mixture 17). This irreversibility is due, again, to an important temperature change of the heat carrier, 
as the temperature of the oil is about 190 oC before the recirculation and of the order of 90 oC after 
that, to ensure that there is not water evaporation within the heat exchanger. 

The irreversibility in the other mixtures, pumps the accumulator are significantly lower. 

Finally, the maximum irreversibility takes place when the boiler and the chiller are simultaneously 
operating. 

 
Fig. 5. Irreversibility other components in the MAN case on 8th July 

Fig. 6 shows the irreversibility of the Sundial on 16th May. As in the good day, it is observed that the 
major contributor to the total irreversibility is the Sundial, due to the high temperature variation of 
the heat. 
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Fig. 6. Irreversibility in the Sundial in the MAN case on 16th May 

Fig. 7 shows the irreversibility of the other components on 16th May. As in the previous analysed day, 
it is observed that the irreversibility in the chiller and the corresponding recirculation loop is significant, 
followed by the irreversibility in the boiler. Unlike the previous case, in this day the boiler and the 
chiller do not work jointly so the maximum irreversibility decreases. 

 
Fig. 7. Irreversibility other components in the MAN case on 16th May 

Fig. 8 and Fig. 9 show the same results for the 7th February, which is a day with poor solar contribution. 
Despite the ASTEP system can work a shorter time and the relative lower values of the irreversibility 
at the Sundial, the conclusions in this day are the same as in the 16th May. 

 

 
Fig. 8. Irreversibility in the Sundial in the MAN case on 7th February 
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Fig. 9. Irreversibility other components in the MAN case on 7th February 

Finally, Fig. 10 and Fig. 11 shows the share of cumulative irreversibility for the whole year in the MAN 
case. As expected, the irreversibility in the Sundial is the highest contributor to the total irreversibility. 
Apart of the Sundial, the other major contributor is the chiller and the corresponding recirculation 
loop, not only for the comparatively high irreversibility over other components but also for the longer 
working time over the year. 

 
Fig. 10. Share of cumulative yearly irreversibility at the Sundial in the MAN case 
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Fig. 11. Share of cumulative yearly irreversibility at other components in the MAN case 

3.2. Results for the ArcelorMittal case 

This section is analogue to the previous one but showing the results for the ArcelorMittal case. In this 
case, the good day is 25th May, the intermediate one the 17th August, and the bad one 19th October 
(the same as in [1]). 

Fig. 12 shows the irreversibility in the Sundial during the 25th May as well as the sum of irreversibility 
of the other components. As in the MAN case, the main irreversibility of the ASTEP system takes place 
in the Sundial. The reason is the same: the conversion of the solar irradiation (5800 K) to heat for the 
process (200-240 oC).  

 
Fig. 12. Irreversibility in the Sundial in the AMTP case on 25th May. 

Fig. 13 shows the irreversibility of the components different from the Sundial for the AMTP case along 
the day. It is observed that, apart of the Sundial, the other main contributors to the irreversibility are 
the heat exchangers. Compared to the MAN case, the total irreversibility in the heat exchangers is 
lower, because there is not a significant temperature drop as in the case of the heat exchanger for the 
chiller in the MAN case. 

The irreversibility in other mixtures, pumps and the accumulator are even lower. 

Finally, the maximum irreversibility takes place at the end of the charging process of the thermal 
storage system, because at this moment the temperature of the oil at the exit of the accumulator is 
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maximum and the mixture controlling the temperature at the first heat exchanger introduces more 
cold recirculation. 

 
Fig. 13. Irreversibility other components in the AMTP case on 25th May 

The irreversibility of the Sundial at the intermediate day, 17th August, is shown in Fig. 14. Again, it can 
be observed that the major contributor to the irreversibility is the heat transfer from the solar 
irradiation to the heat transfer fluid, due to the high temperature drop. 

 
Fig. 14. Irreversibility in the Sundial in the AMTP case on 17th August 

The irreversibility of the other components apart of the Sundial are shown in Fig. 15. The most 
important ones are those corresponding to the heat exchangers, that work both almost all the working 
day. As the solar resource during this day is lower than the previous one, the thermal storage system 
is not completely charged, and the irreversibility associated to the last stage of the charging process is 
avoided. 

 
Fig. 15. Irreversibility other components in the AMTP case on 17th August 
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The results for the bad day, 19th October, are shown in Fig. 16 and Fig. 17. Regarding the Sundial, the 
conclusions are the same as in the previous days and in the previous MAN case. Regarding the 
components different from the Sundial, it can be observed that the maximum total irreversibility takes 
place when the two heat exchangers are simultaneously working, which happens only during the 
central hours of the day. 

 

 
Fig. 16. Irreversibility in the Sundial in the AMTP case on 19th October 

 
Fig. 17. Irreversibility other components in the MAN case on 19th October 

Finally, Fig. 18 and Fig. 19 show the share of cumulative irreversibility for the whole year in the AMTP 
case. Like in the previous case, the Sundial is the highest contributor to the total irreversibility. 
Excluded the Sundial, the major contributors are the heat exchangers that act as the interface between 
the Sundial and the industrial processes. The contribution of the second heat exchanger is lower as it 
works a shorter time during the year. To finish, the contribution of the accumulator is more significant 
than in the MAN case due to the relatively higher weight of the thermal losses, since in the AMTP case 
there is no component with a high irreversibility similar to that of the chiller. 
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Fig. 18. Share of cumulative yearly irreversibility at the Sundial in the AMTP case 

 
Fig. 19. Share of cumulative yearly irreversibility at other components in the AMTP case 
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4. Conclusions 

Some simulations of the integrated ASTEP systems for the two case-studies of the project, namely 
MAN and AMTP, were performed to analyze the irreversibility of the different components and range 
these components. 

These simulations show that the main irreversibility of the ASTEP system takes place in the Sundial, 
and the reason is that the Sundial converts the solar irradiation at 5800 K to heat for the process at 
much lower temperature, 200-240 oC. 

Apart from the Sundial, the heat exchangers, the chiller and the boiler represent a second step when 
ranking the irreversibility. There are also some mixtures dedicated to control some temperatures and 
the process that represent a similar contribution to the total irreversibility. 

The storage system has a lower contribution to the instantaneous irreversibility, but its yearly 
contribution is significative as the heat losses take place all time along the year. 

The values of the instantaneous irreversibility of the whole system depend, mainly, on the irradiation 
during the day, which makes that some components are working or not. 

There are few differences between the two systems and only the differences in percentage of 
contribution of the storage to the whole system along the year is remarkable, which is greater for the 
AMTP case due to the absence of components like the chiller, with high irreversibility. 

The decision of the final layout of each system has been dominated by some constraints exposed in 
parallel tasks (see Ref. [1]), although the present analysis has been also considered in this decision. A 
first update of this exergy analysis will be performed in month 32 and month 42, based on the data 
collected from WP6 and WP7 which is going to permit the verification of these results and the proposal 
of additional improvements to the system. 
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