
Paper ID: 134, Page 1 

5th  International Seminar on ORC Power Systems, September 9 - 11, 2019, Athens, Greece 
 

 
SOLAR THERMAL ENERGY DRIVEN ORGANIC RANKINE CYCLE SYSTEMS 

FOR ELECTRICITY AND FRESH WATER GENERATION 
 

Nishith B. Desai1*, Henrik Pranov2, Fredrik Haglind3 
 

1Technical University of Denmark, Department of Mechanical Engineering, 
2800 Kongens Lyngby, Denmark 

nbdes@mek.dtu.dk 
 

2Heliac ApS 
Hørsholm, Denmark 

hjp@heliac.dk 
 

1Technical University of Denmark, Department of Mechanical Engineering, 
2800 Kongens Lyngby, Denmark 

frh@mek.dtu.dk 
 

* Corresponding Author 
 
 
 

ABSTRACT 
 
For small to medium scale dispatchable (on demand) power and fresh water generation, solar 
photovoltaic with battery storage using reverse osmosis and diesel generator based systems can be 
used. Both options are costly, and in addition, while the former generates highly saline wastewater, 
the latter results in the production of greenhouse gasses. A more attractive option is, therefore, to use 
systems driven by solar thermal energy consisting of solar collectors, a power cycle and a thermal 
energy driven fresh water generation system. However, currently used concentrated solar power 
technologies (parabolic trough collector, linear Fresnel reflector, solar power tower) use heavy and 
very expensive glass mirrors and receivers. Recently, a novel polymer foil-based concentrating solar 
collector system, which avails the advantages of low installation cost, two-axis tracking and low 
operation and maintenance cost, has been proposed. A techno-economic analysis of a foil-based 
concentrating solar collector powered organic Rankine cycle based electricity and thermal energy 
driven fresh water generation system is presented in this paper. Specifically, the objective is to 
identify which is the more appropriate working fluid for such plant. The results indicate that 
cyclopentane is the more appropriate organic working fluid, compared to n-pentane, isopentane, 
hexamethyldisiloxane and toluene, for foil-based solar power plants. 
 

1. INTRODUCTION 
 
Energy (including electricity) and water are intricately connected. An integrated development of the 
energy and water supply policies is of vital importance for development of locations with water 
scarcity. Commonly used small to medium scale systems (few kW to few MW) for simultaneous 
generation of power and fresh water include solar photovoltaic system using reverse osmosis (RO) 
and diesel generator based systems using RO for fresh water generation. For dispatchable 
cogeneration, solar photovoltaic system with battery storage can be used. However, the large battery 
systems are expensive despite large volume production already in place and it has yet to be proven 
that batteries will ever become cheap and durable enough to become profitable for large-scale energy 
storage. Patil et al. (2017) presented that the levelized cost of electricity (LCOE) for solar 
photovoltaic systems with battery storage is about 36.8 % higher than that of the parabolic trough 
collector powered organic Rankine cycle system with thermal energy storage. Shalaby (2017) 
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reported that concentrated solar energy powered organic Rankine cycle based desalination systems are 
better in terms of their techno-economic performance compared to solar photovoltaic powered 
desalination systems. It is not recommended to use solar photovoltaic system with batteries to drive 
RO desalination system because of the high capital and running cost (Shalaby, 2017). Diesel 
generator based systems are typically used in isolated regions and islands. In such cases, as the diesel 
is imported from the nearby port, the cost of electricity generated from the diesel generator sets is 
high (Bandyopadhyay and Desai, 2017). With respect to concentrated solar power (CSP) based 
electricity and fresh water generation systems, steam Rankine cycle systems (Palenzuela et al., 2015), 
organic Rankine cycle (ORC) systems (Astolfi et al., 2017), or supercritical carbon dioxide Brayton 
cycle (Sharan et al., 2019) can be used for power generation, and reverse osmosis systems (El-Emam 
and Dincer, 2018) or thermally driven desalination systems (Astolfi et al., 2017) can be used for fresh 
water generation. 
 
Hoffmann and Dall (2018) presented that the LCOE for solar power tower integrated Rankine cycle 
increases by 8.8 % when used for co-generation. This is because the condensing stream leaving the 
turbine should be at a higher temperature to act as an energy source for the cogeneration application. 
The revenue generated from the other product (heat, fresh water, or cooling) may compensate for this 
low efficiency and high cost of electricity. The concentrated solar power integrated multi-effect 
distillation (MED) system is a cheaper option compared to a RO system (Ghobeity et al., 2011). The 
specific electricity consumption for RO system is 3.5 kWhe/m3 to 5 kWhe/m3, depending on many 
factors like sea water salinity, component efficiencies, membrane configuration, etc. (IRENA, 2012; 
Sharan et al., 2019). The specific electricity consumption for MED based seawater desalination 
system is 1 kWhe/m3 to 1.5 kWhe/m3 (Alfa Laval, 2018). The RO system also has a low recovery 
ratio. One commercial solar power tower based plant with steam Rankine cycle system and a 
thermally driven desalination unit was recently put into operation in Australia (NREL, 2019). Sharan 
et al. (2019) reported that the cost of distillate produced by a plant consisting of a solar power tower 
and a super critical carbon dioxide Brayton cycle integrated with a MED system is 16 % lower than 
the distillate produced by a RO system for Yanbu, Saudi Arabia. 
 
For small to medium scale applications, ORC based cogeneration systems are preferred over other 
power cycles. For CSP integrated ORC system with RO desalination, toluene (Delgado-Torres et al., 
2007), isopentane (Bruno et al., 2008), R134a (Karellas et al., 2011), hexamethyldisiloxane (MM) (Li 
et al., 2013), and n-octane (El-Emam and Dincer, 2018) were proposed as promising working fluids. 
Toluene (Sharaf, 2012), cyclo-pentane (Mathkor et al., 2015), n-pentane (Astolfi et al., 2017) were 
proposed as the preferred choice for CSP integrated ORC systems with thermal desalination. The 
parabolic trough collector (PTC) is the most widely used solar concentrator for ORC based 
cogeneration systems (El-Emam and Dincer, 2018, Sharaf, 2012). The assumptions related to the solar 
radiation, capital cost of the sub-systems and electricity consumption influence the techno-economic 
performance of the cogeneration system significantly. It is worth to note that the PTC system cost 
assumed in most of the previous works is based on a typical 50 MWe CSP plant. However, it is 
difficult to get the PTC field with same cost at low capacities (e.g. around 1 MWe). The conservative 
estimates of the sub-system costs leads to low cost estimates for the power and fresh water generation. 
Currently used CSP technologies use heavy and very expensive glass mirrors and receivers. 
Therefore, these technologies are only suitable for large-scale installations in regions with high annual 
direct normal irradiance (DNI). Recently, a cost-effective polymer foil-based novel concentrating 
solar power system, which uses a focusing plastic film that is adhered to a glass plate, has been 
proposed. This system also avails the advantages of two-axis tracking and low operation and 
maintenance cost. Desai et al. (2019) presented a comparison between the foil-based and PTC-based 
CSP plants with an ORC power system. The results suggested that the foil-based CSP plant can 
reduce the LCOE by up to about 40 % compared to parabolic trough collector based plants. There are 
no other previous papers addressing the foil-based concentrating solar power system.  
 
A techno-economic analysis of a foil-based CSP powered ORC based electricity and thermal energy 
driven fresh water generation system is presented in this paper. Specifically, the objective is to 
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identify which is the more appropriate working fluid for such plant. Five different working fluids, 
cyclopentane, n-pentane, isopentane, toluene, and MM, were considered in the analysis.  
 

 
2. METHODS 

 
2.1 System description 
A simplified schematic of the foil-based CSP system for electricity and fresh water generation is 
given in Figure 1. The foil-based solar collector concentrates solar energy on the receiver and the 
collected thermal energy is used to produce electricity through the power cycle. The energy available 
at the exhaust of turbine is utilized for a thermal energy driven desalination system. The system is 
equipped with a conventional two-tank molten salt-based energy storage system. 
 

 
 

Figure 1: Foil-based solar collector powered organic Rankine cycle and multi-effect desalination system 
 

2.2 Concentrating solar field 
The concentrating solar field useful energy gain (QCL) is calculated as follows: 
 

𝑄𝑄𝐶𝐶𝐶𝐶 = 𝜂𝜂𝑜𝑜,𝐶𝐶𝐶𝐶 ⋅ 𝐷𝐷𝐷𝐷𝐷𝐷 ⋅ 𝐷𝐷𝐼𝐼𝐼𝐼 ⋅ 𝐼𝐼𝑝𝑝,𝐶𝐶𝐶𝐶 − 𝑈𝑈𝑙𝑙 ⋅ �𝑇𝑇𝑚𝑚,𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑎𝑎� ⋅ 𝐼𝐼𝑝𝑝,𝐶𝐶𝐶𝐶 (1) 
 
where ηo,CL is the solar collector field’s optical efficiency, Ul is the heat loss co-efficient based on the 
aperture area of the solar collector field, Tm,CL is the mean temperature of solar collector field, Ta is the 
ambient temperature, and DNI is the direct normal irradiance. The incidence angle modifier (IAM) for 
the foil-based solar field is one because of the two-axis tracking. The shadow losses and end-losses 
are neglected in the analysis, which are typically calculated based on the solar field layout prepared 
during the detailed engineering design stage. The value of these losses is small about 3% (Heller, 
2017). The heat losses and pressure drop through piping (typically, calculated during detailed 
engineering design stage) are also neglected in the analysis. A penalty in net annual energy output for 
start-up/shut-down and other losses was considered in the analysis. 
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2.3 Organic Rankine cycle power system 
The power output of the turbine at design condition (PD) and the gross peak plant electric output at 
design condition (Pgross,D) is calculated as follows: 
 

𝑃𝑃𝐷𝐷 = �̇�𝑚𝐷𝐷 ⋅ Δℎ𝑖𝑖𝑖𝑖,𝐷𝐷 ⋅ 𝜂𝜂𝑖𝑖𝑖𝑖,𝐷𝐷     and    𝑃𝑃𝑔𝑔𝑔𝑔𝑜𝑜𝑖𝑖𝑖𝑖,𝐷𝐷 = 𝑃𝑃𝐷𝐷 ⋅ 𝜂𝜂𝑔𝑔,𝐷𝐷       (2) 
where �̇�𝑚𝐷𝐷 is the mass flow rate of the organic fluid at design conditon, 𝜂𝜂𝑖𝑖𝑖𝑖,𝐷𝐷 is the isentropic 
efficiency of turbine at design condition, Δℎ𝑖𝑖𝑖𝑖,𝐷𝐷 is the isentropic enthalpy change in the turbine at 
design condition, and 𝜂𝜂𝑔𝑔,𝐷𝐷 is the generator efficiency at design condition. 
The power output of turbine power (P) and power system mass flow rate (�̇�𝑚) relationship can be 
assumed as a linear relation (Willans line equation) over a reasonable range [14]: 
 

                                           𝑃𝑃 = 𝑎𝑎 + 𝑏𝑏 ⋅ �̇�𝑚 (3) 
𝑎𝑎 = −𝑦𝑦 ⋅ 𝑃𝑃𝐷𝐷 and 𝑏𝑏 = (1 + 𝑦𝑦) ⋅ Δℎ𝑖𝑖𝑖𝑖,𝐷𝐷 ⋅ 𝜂𝜂𝑖𝑖𝑖𝑖,𝐷𝐷 (4) 

 
The value of power input at zero flow to maintain the speed (internal losses of turbine), a, was 
calculated based on the expression given by Mavromatis and Kokossis (1998) and the value of slope, 
b, was calculated based on the expression given by Desai et al. (2014). 
The UA value for heat exchangers at part-load conditions is given as follows (Patnode, 2006): 
 

�̇�𝑚
�̇�𝑚𝐷𝐷

= �
𝑈𝑈𝐼𝐼
𝑈𝑈𝐼𝐼𝐷𝐷

�
0.8

  (5) 

 
At part-load, the generator efficiency was assumed to vary as follows (Haglind and Elmegaard, 2009): 
 

𝜂𝜂𝑔𝑔 =  
𝜂𝜂𝑔𝑔,𝐷𝐷 ⋅ �

𝑃𝑃
𝑃𝑃𝐷𝐷
�

𝜂𝜂𝑔𝑔,𝐷𝐷 ⋅ �
𝑃𝑃
𝑃𝑃𝐷𝐷
� + ��1 − 𝜂𝜂𝑔𝑔,𝐷𝐷� ⋅ �(1 − 𝐹𝐹𝑐𝑐𝑐𝑐) + 𝐹𝐹𝑐𝑐𝑐𝑐 ⋅ �

𝑃𝑃
𝑃𝑃𝐷𝐷
�
2
��

  (6) 

 
where Fcu is the copper loss fraction and a value of 0.43 was assumed (Haglind and Elmegaard, 2009). 
The part-load efficiency of the ORC system pump was estimated using a polynomial expression 
extracted from Veres (1994): 
 

𝜂𝜂𝑃𝑃 = 𝜂𝜂𝑃𝑃,𝐷𝐷 ⋅  �−0.029265 ⋅ �
�̇�𝑉
�̇�𝑉𝐷𝐷
�
3

− 0.14086 ⋅ �
�̇�𝑉
�̇�𝑉𝐷𝐷
�
2

+ 0.3096 ⋅ �
�̇�𝑉
�̇�𝑉𝐷𝐷
�+ 0.86387�  (7) 

 
where �̇�𝑉 is volume flow rate at the inlet of pump and ηP,D is the pump efficiency at design condition. 
The change of pump efficiency with rotational speed was neglected. 
 
2.4 Thermal energy storage 
Both thermal energy storage tanks are modelled as a well-mixed tank. The variations in the UA value 
for the storage tank (UATank) was calculated as follows (Herrmann et al., 2004): 
 

𝑈𝑈𝐼𝐼𝑇𝑇𝑎𝑎𝑇𝑇𝑇𝑇  =  𝑎𝑎𝑇𝑇𝑎𝑎𝑇𝑇𝑇𝑇 · 𝑇𝑇𝑖𝑖𝑎𝑎𝑙𝑙𝑠𝑠  +  𝑏𝑏𝑇𝑇𝑎𝑎𝑇𝑇𝑇𝑇 (8) 
 
where Tsalt is the salt temperature in the tank, aTank and bTank are the experimentally derived parameters 
for the molten salt based storage tank. 
 
2.5 Economic analysis 
The annualized cost (AC) was calculated as follows: 

𝐼𝐼𝐴𝐴𝑖𝑖𝑠𝑠𝑖𝑖 = �𝐴𝐴𝑖𝑖𝑠𝑠𝑖𝑖 ⋅ 𝐴𝐴𝐶𝐶𝐹𝐹 + 𝐴𝐴𝑂𝑂&𝑀𝑀�     𝑎𝑎𝑎𝑎𝑎𝑎     𝐴𝐴𝐶𝐶𝐹𝐹 = 𝑎𝑎 ⋅
(1 + 𝑎𝑎)𝑇𝑇

((1 + 𝑎𝑎)𝑇𝑇) − 1
 (9) 
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where Csys is the capital cost of complete system, CO&M is the annual operation and maintenance cost, 
CRF is the capital recovery factor, d is the discount rate, and k is the lifetime. 
The levelized cost of fresh water generation (LCOW) was calculated as follows: 
 

𝐿𝐿𝐴𝐴𝐿𝐿𝐿𝐿 =
𝐼𝐼𝐴𝐴𝑖𝑖𝑠𝑠𝑖𝑖 − (𝐿𝐿𝐴𝐴𝐿𝐿𝐿𝐿 ⋅ 𝐿𝐿𝑎𝑎𝑇𝑇𝑇𝑇𝑐𝑐𝑎𝑎𝑙𝑙,𝑇𝑇𝑛𝑛𝑠𝑠)

𝑉𝑉𝑎𝑎𝑇𝑇𝑇𝑇𝑐𝑐𝑎𝑎𝑙𝑙,𝑇𝑇𝑛𝑛𝑠𝑠
 (10) 

                                              𝐿𝐿𝐴𝐴𝐿𝐿𝐿𝐿 =
𝐼𝐼𝐴𝐴𝑖𝑖𝑠𝑠𝑖𝑖,𝑜𝑜𝑇𝑇𝑙𝑙𝑠𝑠 𝑝𝑝𝑜𝑜𝑝𝑝𝑛𝑛𝑔𝑔

𝐿𝐿𝑎𝑎𝑇𝑇𝑇𝑇𝑐𝑐𝑎𝑎𝑙𝑙,𝑇𝑇𝑛𝑛𝑠𝑠,𝑜𝑜𝑇𝑇𝑙𝑙𝑠𝑠 𝑝𝑝𝑜𝑜𝑝𝑝𝑛𝑛𝑔𝑔
 (11) 

 
where Vannual,net is the net annual fresh water generation and Eannual,net is the net annual electricity 
generation for the cogeneration system. The LCOE was calculated considering only power generation 
(with condensing turbine). When the system is used for cogeneration, the condensing pressure is 
increased based on the MED system requirements. This leads to decrease in the thermal efficiency of 
ORC system and increase in the solar field area for the same power output (1 MWe). In addition to the 
MED system cost, the cost of solar field, storage system and ORC system increase in case of 
cogeneration. 
 

3. RESULTS AND DISCUSSION 
 
The techno-economic analyses of the proposed system were performed using the Engineering 
Equation Solver (EES) (Klein, 2018). DNI and ambient temperature data for the place Cape Town 
(South Africa) were taken from US DOE (2014) and annual simulations were performed. The solar 
field performance characteristics for the foil-based system were provided by Heliac ApS, Denmark. 
The ORC power system code has been validated using data of a plant using n-pentane located in 
USA, Arizona Public Service Saguaro plant (NREL, 2018), and a manufacturer catalogue (Turboden, 
2018) (Desai et al., 2019). The value of fraction of internal losses of turbine (y) is taken as 0.12. For 
loads down to 40 %, the maximum absolute deviation in gross thermal efficiency of the ORC is 0.5 
%-points and 0.28 %-points for n-pentane and MM, respectively. The maximum absolute deviation in 
gross thermal efficiency for loads below 40 % is 2.2 % and 1 % for n-pentane and MM, respectively. 
In the present work, the CSP plant was modelled with a thermal energy storage (9 h capacity) and 
during low radiation the stored energy is used in such a way that the plant operates near full load. 
Therefore, it is rare that the ORC power system operates at loads lower than 40 %.  
 
The design isentropic efficiency of the turbine was calculated based on the correlation given by 
Astolfi and Macchi (2015). For n-pentane and MM, it is observed that the design isentropic 
efficiencies based on the correlation is higher compared to the actual efficiencies given for the plants. 
This observation agrees with the results reported by Hasselmann et al. (2014). In this work the most 
widely used organic working fluids for medium temperature and medium-scale applications in 
previous works, for CSP based electricity and fresh water generation, cyclopentane, n-pentane, 
isopentane, toluene, and MM, were considered. As the capital cost of the toluene-based system is 
much higher than those of the other working fluids, it was discarded for further investigations. The 
data given in Table 1 and Table 2 were used for the analysis. The receiver for the current foil-based 
solar collector field is optimized for the district heating applications, and there is a significant 
potential for improvement of its thermal performance. In addition to that, foil-based concentrating 
solar collectors are easy to produce compared to the conventional mirror based concentrating solar 
collectors. High production rates and use of standard components in the system, ensure scalability as 
well as security of supply. Therefore, for future foil-based CSP plants, a high cost reduction potential 
exist. The analysis of the foil-based collector powered ORC integrated MED system, considering 
medium to large-scale production cost (150 €/m2) and 20 % improvement in the heat-loss coefficient 
of the receiver, is also presented.  
 
Rayegan and Tao (2011) have suggested a procedure for determining the highest limit of the 
evaporation pressure for the ORC working fluid. In the present work, considering the safety margin, 
the maximum evaporation temperature of the ORC working fluid was taken as 10 °C lower than the  
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 Table 1: Data used for the analysis thermodynamic analysis 
 

Input Parameter Value 
Place Cape Town (South Africa) 
Solar collector field efficiency parameters ηo,CL = 0.833; Ul = 0.85 W/(m2∙K) and 0.68 W/(m2∙K) 

(with improvements) 
Specific land requirement 3.5∙Ap 
Solar collector field heat transfer fluid Therminol VP-1  
Storage heat transfer fluid Hitec XL 
Storage tank UA 0.00017·Tsalt + 0.012 (kW/m2); Tsalt is the temperature of 

salt (°C) (Herrmann et al., 2004) 
Design condition ambient temperature (Ta) 30°C 
Gross peak plant output at design (Pgross,D) 1 MWe 
Penalty for start-up/shut-down and other losses 10 % of net power output (Manzolini et al., 2011) 
Parasitic electric energy use for solar field, TES 
pump, antifreeze pumping 

7 % of net power output (NREL, 2018) 

Electricity consumption of MED system 1 kWhe/m3 (Alfa Laval, 2018) 
Thermal energy requirement of MED system 120 kWhth/m3 (Alfa Laval, 2018) 
TES electric heating system efficiency 0.9 
Temperature driving force at design (ΔTmin) 20°C (for regenerator); 5°C (for condenser) 
Turn down ratio of turbine (Pmin/Pmax) 0.1 (Turboden, 2018) 
Generator efficiency parameters (ηg,D) ηg,D = 0.93 
Isentropic efficiency of pump (ηP,D) ηP,D = 0.7 

 
Table 2: Data used for the economic analysis 

 
Parameters Value 
Solar field and heat transfer fluid system cost (€) 250 (for current plants) and 150 (for future plants) 
Land and site development cost (€/m2 of land) 4.7 (IIT Bombay, 2014) 
Specific cost of Hitec XL (€/kg) 0.93 (Pan et al., 2018) 
Storage tank cost (including insulation and 
foundation) (€/m3) 

𝐶𝐶𝑆𝑆𝑆𝑆,𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟,𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇

= � 𝐶𝐶𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑖𝑖𝑠𝑠𝑠𝑠𝑆𝑆𝑆𝑆,𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇
𝐶𝐶𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑖𝑖𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟,𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇

�
0.85

; Cref,Tank  = 7,932,160 € (Herrmann 

et al., 2004), Capacityref,Tank = 30,844 m3
 (Herrmann et al., 2004) 

Oil to salt heat exchanger cost (€)  𝐶𝐶𝑆𝑆𝑆𝑆,𝐻𝐻𝐻𝐻
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟,𝐻𝐻𝐻𝐻

= � 𝐶𝐶𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑖𝑖𝑠𝑠𝑠𝑠𝑆𝑆𝑆𝑆,𝐻𝐻𝐻𝐻
𝐶𝐶𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑖𝑖𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟,𝐻𝐻𝐻𝐻

�
0.85

; Cref,HX  = 4,580,235 € (Herrmann et 

al., 2004), Capacityref,HX = 133 MWth (Herrmann et al., 2004) 
Balance of storage system and salt pump cost (€) 14 % of the storage system cost (Herrmann et al., 2004) 
Civil works cost (€) 133·(kWe) – 0.00042·(kWe)0.75 (Krishnamurthy et al., 2012) 
Miscellaneous cost (€/kWe) 144 (IIT Bombay, 2014) 
Evaporator and regenerator cost (€) 𝐴𝐴0 · � 𝑈𝑈𝑈𝑈

𝑈𝑈𝑈𝑈0
�
0.9

· 𝑎𝑎; 𝑎𝑎 = (10)(𝑎𝑎1+𝑎𝑎2·log 𝑃𝑃𝑔𝑔+𝑎𝑎3·𝑙𝑙𝑜𝑜𝑔𝑔2𝑃𝑃𝑔𝑔); For evaporator: 
C0 = 1570 k€, a1 = 0.03881, a2 = – 0.11272, a3 = 0.08183; For 
regenerator: C0 = 272 k€, a1 = – 0.00164, a2 = – 0.00627, a3 = 
0.0123 (Astolfi et al., 2014) 

Turbine cost (€) 
1,287,810 · � 𝑇𝑇

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
�
0.85

· � 𝑆𝑆𝑃𝑃
𝑆𝑆𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

�
1.1

; n = number of stages, SP = last 

stage size parameter, nref = 2, SPref = 0.18 m (Astolfi et al., 2014)
 Generator cost (€) 209,400 · � 𝑇𝑇𝑘𝑘𝑟𝑟

5,000
�
0.67

 (Astolfi et al., 2014) 
Gear box cost (€) 40 % of the generator cost (Astolfi et al., 2014) 
Condenser cost (€) 13,075 · �𝑇𝑇𝑘𝑘𝑡𝑡ℎ

50
�
0.76

 (Lemmens, 2016) 
Boiler feed pump cost (€) 14,658 · �𝑇𝑇𝑘𝑘

200
�
0.67

(Astolfi et al., 2014) 
Balance of power system 40 % of the power system equipment cost (Astolfi et al., 2014) 
Capital cost of MED system (€/(m3·d)) 1500 
Annual operating and maintenance cost Fixed cost (on total investment) – 1.4 %; Variable cost – 2.8 

€/MWhe 
Lifetime (y) 25 

Note: Parameters for cost correlations have been updated to the monetary value of 2018 using the 
Chemical Engineering Plant Cost Index. For the conversion of $ to €, the annual average exchange 
rate for the particular year was used. 
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highest limit of the evaporation temperature suggested by Rayegan and Tao (2011). The superheating 
degree at turbine inlet was varied from 0 °C to 40 °C.  Figure 2 shows the effects of variations in 
degree of superheat for current plants. With increase in degree of superheat the power cycle thermal 
efficiency increases; however, the solar collector field efficiency decreases because of increase in the 
average temperature of heat addition. Due to higher increase in the power cycle efficiency compared 
to the decrease in the solar collector field efficiency, the resulting overall system efficiency increases. 
As a result, the solar collector field area requirement decreases (see Figure 2a). For a fixed number of 
turbine stages, the power block cost decreases with increase in degree of superheat. In the present 
analysis, the maximum isentropic enthalpy drop per stage of the ORC turbine is considered as 65 
kJ/kg (Astolfi et al., 2014). Therefore, for the organic working fluids MM and isopentane, the number 
of stages changes at 15 °C and at 20 °C degree of superheat, resulting in a sudden increase in the 
power block cost for these fluids (see Figure 2b). The storage system cost decreases with the increase 
in degree of superheat (see Figure 2c), because the requirement of the molten salt decreases 
significantly with increase in operating temperature difference of the storage system. Based on the 
variations in the solar field cost, power block cost and storage system cost, the total capital cost also 
changes (see Figure 2d). Similar trends are obtained also for the future plants based on the foil-based 
concentrating solar field (see Figure 3).  
 

  
     (a)                (b) 

  
     (c)                (d) 
Figure 2: Effects of variations in degree of superheat for turbine inlet temperature for current plants on (a) solar 
collector field area, (b) power block cost, (c) storage system cost, and (d) total capital cost. 
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     (a)                (b) 
Figure 3: Effects of variations in degree of superheat for turbine inlet temperature for future plants on (a) solar 
collector field area, and (b) total capital cost. 
 

Table 3: Results of a techno-economic analysis of the system (1 MWe plant with 9 h storage capacity) 
 

Parameters Cyclopentane MM N-Pentane Isopentane 
  Current 

plants 
Future 
plants 

Current 
plants 

Future 
plants 

Current 
plants 

Future 
plants 

Current 
plants 

Future 
plants 

Critical pressure, Pcrit 

(MPa) 
4.571 1.939 3.37 3.378 

Critical temperature, 
Tcrit (°C) 

238.6 245.5 196.6 187.2 

Solar field inlet 
temperature, Tin,CL (°C) 

167.3 175.7 165 165 

Solar field outlet 
temperature, Tout,CL (°C) 

278 290 256 247 

Evaporator pressure, 
Peva (MPa) 

2.569 1.201 2.467 2.464 

Evaporator outlet 
temperature, Tout,eva (°C) 

238 250 216 207 

Solar collector field 
area, Ap,CL (m2) 

24,498 21,418 24,476 21,148 27,098 24,004 28,567 25,423 

MED system capacity 
(m3/day) 

908 862 1,087 1,180 

Net annual electricity 
generation (MWhe/y) 

2,899 2,887 2,845 2,825 2,823 2,810 2,722 2,690 

Annual fresh water 
generation (m3/y) 

149,617 149,053 139,070 138,361 181,111 180,340 200,371 199,509 

LCOE (€/kWhe) 0.224 0.176 0.277 0.226 0.238 0.188 0.255 0.206 
LCOW (€/m3) 1.74 1.27 1.48 1.02 2.12 1.65 2.24 1.75 

 
For the techno-economic analysis of the foil-based collector powered ORC integrated MED system, 
the value of degree of superheat corresponding to the lowest capital cost was selected for all working 
fluids. In order to determine the optimum value of LCOE and LCOW (for a given place, solar 
collector field and storage capacity), the variations with respect to solar field area were determined 
and optimized values are reported in the Table 3. Results considering medium to large-scale 
production cost (150 €/m2) and 20 % improvement in the heat-loss coefficient of the receiver, is also 
presented (see Table 3). The results suggest that cyclopentane achieves the lowest LCOE (for current 
plants: 0.224 €/kWh, for future plants: 0.176 €/kWh) and MM achieves lowest levelized cost of fresh 
water generation (LCOW) (for current plants: 1.48 €/m3, for future plants:  1.02 €/m3). From a techno-
economic perspective, considering both electricity and fresh water generation, the results indicate that 
cyclopentane is the preferred working fluid among the ones considered in the analysis.  
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It needs to be stressed that the final selection of working fluid also needs to consider other aspects of 
the working fluids that were not considered in this analysis (e.g. environmental, health, safety and 
legislative aspects). Moreover, it is worth to note that the amount of fresh water generation at design 
condition also decreases because of higher power block efficiency with increase in the degree of 
superheat. This will result in decrease in the annual fresh water generation. Therefore, the final 
selection of the optimum value of the degree of superheat should be done based on the lowest value of 
LCOE and LCOW. Conducting optimizations considering the effects on the annual performances of 
variations in the degree of superheat and other relevant parameters are the subject of future work. 

 
4. CONCLUSIONS 

 
In this paper, a comparative analysis among different organic working fluids for micro-structured 
polymer foil-based concentrated solar power plants for electricity and fresh water generation was 
performed. For medium-scale applications (few hundreds kWe to few MWe) for dispatchable power 
and fresh water generation, a concentrated solar power based organic Rankine cycle system integrated 
with multi-effect distillation unit is the preferred option. The results suggest that cyclopentane is the 
preferred working fluid. For a foil-based concentrated solar power plant with cyclopentane, the 
levelized cost of electricity (for current plants as well as future plants) is about 5.9–6.4 % and 19.1–
22.1 % lower compared to n-pentane and hexamethyldisiloxane-based plants, respectively. The 
levelized cost of water (for current as well as future plants) for cyclopentane-based plants is 17.6–24.5 
% higher compared to hexamethyldisiloxane based plants and 17.9–23 % lower compared to n-
pentane based plants. The foil-based concentrating solar power system is a promising alternative for 
cogeneration and multi-generation plants. 
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