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Abstract  8 

 9 
While energy demand in this fast developing world is increasing, its future is being compromised by 10 

the CO2 emissions produced through the burning of fossil fuels. Clean energy technologies are 11 

available, but there are still barriers hindering their full integration into the society, the majority of 12 

which are economic and social. For these reasons, the development of new technologies and 13 

configurations to make renewable energies systems more cost-effective is urgently needed. The plant 14 

design proposed in this paper consists of basic Dish-Stirling collectors supported by a reversible solid 15 

oxide fuel cell acting as a power generator and storage unit, and therefore offering dispatchable power 16 

on demand. Further, the system reuses the waste heat for seawater desalination, which is very 17 

convenient for arid areas with high solar radiation and shortage of freshwater. The present work is an 18 

analytical study in which thermodynamic investigation of the performance evaluation of a self-19 

sustainable polygeneration system with integrated hydrogen production, power generation, and 20 

freshwater production is conducted. An evaluation in a real context (South Africa) showed the 21 

potential of this system to supply 500 kW, 24 h a day, while producing a considerable amount of 22 

freshwater. Although the distillation system presented is able to produce 8464 liters per day, there is 23 

potential for it to increase its output by nine times or more. 24 

 25 
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 27 

1. Introduction 28 

 29 
 Owing to global warming and its consequences, renewable energy production technologies will 30 

be called to play a significant role in the immediate future. Therefore, it is essential to find new, 31 

effective solutions that allow for the integration of sustainable energy production techniques into the 32 

current existing systems, thereby decreasing dangerous emissions. Energy policies moderate such 33 

transitions, and ensure that a specified threshold is met. However, it is desirable that such transitions 34 

occur in harmony with the present socioeconomic situations and that they utilize current technological 35 

achievements in clean energy production. Further, it is key that these solutions are cost-effective and 36 

can be used for polygenerations purposes such as electricity, fuel and freshwater production. In this 37 

way, the negative impacts on global emissions decreases significantly. In such designs, direct 38 

electricity, heat and freshwater can be generated from a renewable source, such as solar energy, when 39 

the source is available. Electrolysis technology such as solid oxide electrolyte cell (SOEC) can be 40 

used to store the excess energy in fuel form when the renewable source is high enough. The stored 41 

fuel can then be used to generate heat, power and freshwater by a solid oxide fuel cell (SOFC) when 42 

the renewable source is low, such as during nighttime when using sun energy or on a calm day when 43 

using wind energy. This implies that there is a need for a reversible solid oxide cell (RSOC) that can 44 

produce synthetic fuel from electricity, or produce electricity from fuel when reversed. 45 

 Sun energy may play an important role in the future of power plants for multi-generation products.  46 

Plant performance (energy efficiency) increases with polygeneration systems. The waste heat from 47 

the system can be used to produce heat, cool, freshwater, fuel production, etc. (besides electricity). 48 

Owing to the common nature of fluctuation in energy (or other renewable sources), most of these 49 

plants can benefit from an additional storage unit. With that, renewable energy plants could provide 50 

dispatchable power, enabling stand-alone systems for facilitating the grid operation.  51 
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 Several studies on RSOC systems have been conducted; for example, [1] reviewed technological 52 

development of hydrogen production from an SOEC system in terms of materials, cell configuration 53 

designs, electrode depolarizations and mathematical modeling. [2] presented the exergoeconomic 54 

analysis of a hybrid system based on steam biomass gasification for hydrogen production. [3] showed 55 

the feasibility of the concept and successful reversible operation of a dual cell through 56 

electrochemical tests carried out by impedance spectroscopy. [4] carried out an experimental study 57 

to demonstrate the heat spreading capabilities and power limitations of high-temperature applications 58 

in SOEC/SOFC stacks.  59 

 Parabolic trough solar water heating is a well-proven solar energy technology that is being used 60 

on a commercial scale. High-temperature parabolic trough solar collector (PTSC) systems are 61 

currently operating in solar electric generating systems. For example, [5] conducted thermal 62 

simulation of a PTSC to estimate the transient performance of a solar industrial water heating system. 63 

[6] developed a mathematical model for PTSC and compared the results with experimental data, 64 

finding a small percent error. [7] designed and experimentally validated an adsorption icemaker 65 

driven by PTSC, and integrated it with a sensible thermal storage tank successfully. [8] experimented 66 

on innovative flat aluminum absorbers for process heat and direct steam generation in small PTSC 67 

systems.  68 

 Direct contact membrane distillation (DCMD) is a thermal separation process where only the water 69 

vapor (or other volatile) passes through a micro-porous hydrophobic membrane while impurities, 70 

such as salt, cannot cross the membrane. The vapor pressure gradient created by the temperature 71 

difference between both sides of the membrane drives the process. In 2000, [9] reviewed the 72 

desalination of seawater by the DCMD system, and its performance from laboratory scale to pilot 73 

projects. [10] showed experimentally that 99.99% of salt can be separated from hot water at 80 C in 74 

optimum conditions and with optimum membrane material selection. Desalination powered by solar 75 

energy is an attractive solution that can address the worldwide water-shortage problem without 76 

contributing significantly to greenhouse gas emissions. It is worth noting that often there is shortage 77 

of fresh water where solar radiation is high. As deliberated in [11], a promising system for renewable 78 

energy desalination is the utilization of low-temperature DCMD systems. The study by [12] showed 79 

that experimental data agreed very well with the calculated results in terms of vapor mass flux, as 80 

well as membrane and total heat transfer coefficients. In addition, such a technique has a great 81 

advantage because it works at lower temperatures, even down to 40 °C, which allows it to use lower 82 

temperatures sources and avoid the great latent heat of water [13].          83 

 Akikur et al. [14] studied a RSOC with photovoltaic (PV) to design a possible future power plant 84 

using solar energy that can produce electricity at any time of the day, for example, at night. However, 85 

they did not use the dissipated heat from the system, but recommended that it is crucial to develop a 86 

management plan/scheme that takes into account the forecast solar radiation, the energy demand, and 87 

the stored fuel supplies. Combination of PVs with other types of electrolysers and electrolysers with 88 

Rankine cycles for hydrogen has also been studied in the literature, see e.g. [15], [16] and [17].    89 

 In this work, a poly-generation system is presented that uses a Dish-Stirling engine to convert solar 90 

irradiation into electricity and drive an RSOFC. Further, the waste heat is recovered for seawater 91 

distillation through a DCMD technique. Such a system will result in a self-sufficient and flexible 92 

poly-generation plant driven by solar power only that can be regulated for different output 93 

combinations of hydrogen, electricity, heat and freshwater. A complete balance of plant is first 94 

designed, and then the performance of the system is analyzed thermodynamically for some scenarios. 95 

This paper assesses the capacity of such plants to generate continuous and reliable power, and 96 

freshwater at the same time.  97 

 To the best of the authors’ knowledge, no similar studies exist in the open literature. Therefore, 98 

this study may provide some inspiration for further analysis and perhaps implementation of such 99 

technology into current existing systems. The objective of the present is not to study the cost of the 100 

system but present an attractive system which might be of interest for the future power generations.   101 

 102 

2. Plant Model  103 
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 104 

 From the block chart in Figure 1, it can be seen that the plant delivers power to the grid by 105 

transforming the solar energy collected by the Dish-Stirling system. Further, the system is supported 106 

by the RSOFC in order to overcome the fluctuating nature of the solar radiation. The idea is that the 107 

Dish-Stirling delivers part of its load to the RSOFC for storage; this load is used to produce fuel 108 

(hydrogen) during the peak hours of radiation (SOEC mode). Then during low or zero radiation, the 109 

produced fuel is used to feed the RSOFC and can still cover the power demand (SOFC mode). At the 110 

same time, most of the heat produced by the system is used for seawater desalination. Furthermore, 111 

a parabolic trough solar collector (PTSC) that uses solar energy is used to generate steam for the 112 

system. 113 

 114 

 115 
Figure 1. Block chart representing energy flow in the plant 116 

 117 

 The efficiency of such a system will be accounted for by considering the sun radiation as input, 118 

and the fresh water, power to the grid, and net balance of H2 produced as output. The system runs in 119 

different modes during the day; therefore, the overall efficiency will be defined by total numbers at 120 

the end of one cycle (for example 24 h). The amount of fresh water in terms of energy is defined as 121 

the energy needed to evaporate the same amount of seawater from its initial state (assumed at 15°C), 122 

which is around 670 kJ/kg.  123 

 124 


𝑠𝑦𝑠𝑡𝑒𝑚

=
𝐹𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 + 𝑃𝑂𝑊𝐸𝑅 + 𝐿𝐻𝑉𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝐻2,𝑛𝑒𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑆𝑜𝑙𝑎𝑟 𝑃𝑜𝑤𝑒𝑟 𝑜𝑛 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠
  (1) 125 

 126 

Such a definition for efficiency helps researchers to compare similar systems with each other and to 127 

approximate the energy flow, but it should be noted that solar energy is a free resource and therefore 128 

cannot be considered as an economic parameter. However, such definition may help researchers to 129 

improve plant performance in terms of production (net electricity, cooling, heating, freshwater, etc.). 130 

On the other hand, materials, installation, and operation costs are incurred; for this reason, a deeper 131 

techno-economical study would be a good complement to this study. 132 

 Before explaining the plant’s operation in detail, a description of the models for the main 133 

components is provided in the sections that follow.  134 

 135 

2.1 RSOFC 136 

 137 

 Two different sub-models represent each operation mode: Electrolysis (SOEC) and fuel cell 138 

(SOFC). 139 

 140 

2.1.1 SOFC 141 
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 The SOFC model used in this study is the same as that in [14]. It is a zero-dimensional model, 142 

which calculates the outlet gases composition based on equilibrium; furthermore, the power produced 143 

is calculated using a detailed electrochemical model calibrated with experimental data. The data were 144 

taken for gas temperatures between 650–800 °C; thus, this was the limiting range for the operating 145 

temperatures in the present study, as well. The efficiency of this component is defined as 146 

 147 

 
𝑒𝑙_𝑆𝑂𝐹𝐶

=  
𝑃𝑂𝑊𝐸𝑅

𝐿𝐻𝑉 .  �̇�𝐻2,𝑖𝑛𝑙𝑒𝑡
  (2) 148 

 149 

where �̇�𝐻2,𝑖𝑛𝑙𝑒𝑡 is the mass flow of the fuel into the plant.  150 

 A comparison between the SOFC model used here and the experimental data is shown in [18] in 151 

terms of current density and cell voltage (IV curve). The model captures the experimental data very 152 

well at four different cell operating temperatures from 650 C to 800 C. 153 

 154 

2.1.2 SOEC 155 

 This model is based on the model presented by [19] and [20], which also contain a detailed 156 

electrochemical model, and captures the experimental data very well. First, pressures at the gas outlets 157 

are simply calculated using the input parameters as follows: 158 

 159 

 𝑝𝑐𝑎_𝑜𝑢𝑡 =  𝑝𝑐𝑎𝑖𝑛
(1 − 𝑑𝑝𝑐𝑎) 𝑝𝑎𝑛_𝑜𝑢𝑡 =  𝑝𝑎𝑛𝑖𝑛

(1 − 𝑑𝑝𝑎𝑛) (3) 160 

 161 

where 𝑑𝑝𝑎𝑛 and 𝑑𝑝𝑐𝑎 are the relative pressure drops at the anode and cathode sides, respectively. 162 

Then, the cell voltage and the current density are calculated using the power input. 163 

 164 

 𝑃𝑆𝑂𝐸𝐶 = 𝑁𝑠𝑡𝑎𝑐𝑘𝑁𝑐𝑒𝑙𝑙𝐸𝑐𝑒𝑙𝑙𝐴𝑐𝑒𝑙𝑙𝐽 (4) 165 

 166 

where 𝑁𝑠𝑡𝑎𝑐𝑘, 𝑁𝑐𝑒𝑙𝑙, 𝐸𝑐𝑒𝑙𝑙, 𝐴𝑐𝑒𝑙𝑙 and J are the number of stacks, number of cells per stack, cell voltage, 167 

single cell area and current density, respectively. The Nernst potential gives the theoretical minimum 168 

electrical work, but in reality, part of the voltage is lost irreversibly owing to polarizations such as 169 

ohmic, activation, and concentration polarizations. The ohmic resistance remains constant while the 170 

other two vary depending on the current applied, i.e., ohmic polarization increases proportionally 171 

with the current, while activation polarization and concentration polarization are dominant at low and 172 

high current levels, respectively [19]. Thus, the minimum electrical work that has to be applied to the 173 

SOEC is determined by the Nernst potential plus the polarization losses. The cell voltage is defined 174 

by determining the Nernst voltages (
NernstE ) as follows: 175 

 concohmactNernstcell EEEEE   (5) 176 

 177 

The Nernst potential and the polarizations in the SOEC (activation, ohmic and concentration) are 178 

calculated as explained in [19] and [21]. The diffusion coefficient is approximated using the kinetic 179 

theory and the Chapman–Enskog theory [22]. 180 

 Note that the energy applied through electrical work might not be enough to drive the system’s 181 

unspontaneous reactions. The remaining energy is then applied by a heat source at higher temperature 182 

and/or by directly increasing the power (increasing the current through the cells), which in turn 183 

produces more heat owing to the Joule effect [23]. When the heat produced equals the heat demand 184 

in the reaction (thermo-neutral point), then the voltage becomes 185 

 
F

H
E r

thn
2


  (6) 186 

where Hr is the enthalpy change in the reactions, and F is the Faraday constant (96485.34 C/mol).  187 

 The outlet concentrations and mass flows can be determined by molar balance of each element 188 

and using the current density to determine the quantity of reactions taking place. The molar 189 
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production of 2H  (or moles of OH2  molecules split) is fixed for a certain current value; consequently, 190 

2O  is produced according to the reaction 191 

 �̇�𝐻2,𝑜𝑢𝑡 =
𝑁𝑠𝑡𝑎𝑐𝑘𝑁𝑐𝑒𝑙𝑙𝐴𝑐𝑒𝑙𝑙𝐽

2𝐹
 (7) 192 

 �̇�𝐻2𝑂,𝑜𝑢𝑡 = �̇�𝐻2𝑂,𝑖𝑛 − �̇�𝐻2𝑂,𝑠𝑝𝑙𝑖𝑡 = �̇�𝐻2𝑂,𝑖𝑛 −
𝑁𝑠𝑡𝑎𝑐𝑘𝑁𝑐𝑒𝑙𝑙𝐴𝑐𝑒𝑙𝑙𝐽

2𝐹
 (8) 193 

 �̇�𝑂2,𝑜𝑢𝑡 = �̇�𝑂2,𝑖𝑛 −
�̇�𝐻2𝑂,𝑠𝑝𝑙𝑖𝑡

2
= �̇�𝐻2𝑂,𝑖𝑛 −

𝑁𝑠𝑡𝑎𝑐𝑘𝑁𝑐𝑒𝑙𝑙𝐴𝑐𝑒𝑙𝑙𝐽

4𝐹
 (9) 194 

 195 

Note that the power, the voltage and the current are dependent on each other; therefore, if one of them 196 

is defined, the others can be determined. Another way of defining these parameters would be by fixing 197 

the H2 production or fixing the molar fraction at the outlet.  198 

 Finally, the efficiency is defined as 199 

 200 

 
𝑆𝑂𝐸𝐶

=
𝐿𝐻𝑉 .  �̇�𝐻2,𝑜𝑢𝑡

𝑃𝑂𝑊𝐸𝑅 + 𝑄𝑖𝑛
 (10) 201 

 202 

where POWER  and 
inQ  are the electrical power required to run the electrolyzer and the heat input 203 

required to preheat the water, while �̇�𝐻2,𝑜𝑢𝑡 is the mass flow rate of hydrogen production.  204 

 [21] and [20] discussed the validity of the model with experimental data in terms of energy 205 

efficiency and H2O conversion for different current densities and at different operating temperatures.      206 

 207 
2.2 DISH-STIRLING 208 

 209 

 This model consists of two different parts: the solar dish collector and the Stirling engine. The 210 

Stirling model is adopted from the model presented in [24] and is based on a pseudo-Stirling cycle, 211 

which provides better agreement with engine performance data. Stirling engines are noted for their 212 

quiet operation and the ease with which they can be connected to almost any heat source. In this case, 213 

the engine is connected to a heat source of a solar collector. On the other hand, the collector system 214 

that is in charge of providing heat to the engine is inserted on top of the Stirling model. Details 215 

regarding the engine model can be found in [25] and therefore the equations are not presented in this 216 

paper. The collector model is, however, presented below, starting from equation (11). First, the heat 217 

supplied to the Stirling is determined by calculating the total efficiency of the solar collector, 218 

including the concentrator dish and the receiver. 219 

 recconcunitconchigh NASQ    (11) 220 

where S is the direct solar radiation per area, Aconc is the area of the concentrator, Nunit is the number 221 

of units, conc is the concentrator efficiency, and rec is the receiver efficiency. The optical efficiency 222 

of the dish concentrator is assumed to be constant (including reflectivity and interception factor) while 223 

the receiver efficiency is modeled taking into account the heat losses [26] as  224 

 
   

SC

TTTTU

Rconc

skyrecambrecCC

rec





44 
  (12) 225 

where  is the emissivity of the receiver,  is the Boltzmann constant (5.67 × 10–8 W/(m2K4)), and CR 226 

is the concentration ratio. Trec, Tsky and Tamb are the receiver, sky and ambient temperatures, 227 

respectively.  and  are absorptance and transmittance, respectively, and are assumed to be constant. 228 

As a result, the model does not take into account the performance variation due to solar incidence 229 

angle variations (K = 1). However, the error (if present) will be insignificant/negligible because the 230 

full tracking system is usually quite accurate, which diminishes the error (if any). Further, since there 231 

is no cover, the value for transmissivity, as well as absorptivity, would be close to one, which is the 232 

maximum possible. The UCC is the combined convection–conduction heat loss coefficient accounting 233 

for convection to the ambient environment and conduction through the structure. This is defined in 234 

Appendix B.  235 
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 The mechanical power of the Stirling engine as well as other parameters are assumed according to 236 

[24]. Table A1 (in Appendix A) provides the specifications for the Dish-Stirling, while Appendix B 237 

presents more details about modeling of this component.  238 

 Finally, it worth noting that the Stirling engine model used in this study is a pseudo Stirling cycle, 239 

and closely approximates the performance of an actual engine as explained in [25]. 240 

 241 

2.3 PTSC–SG (Steam Generator) 242 

 243 

 A model for the steam generator PTSC is developed by combining the models presented in [23], 244 

[27], [28], [29], [30]. In short, the model calculates the outlet steam state conditions from the water 245 

flow inlet and the external atmospheric conditions. The model includes calculations of heat losses 246 

and pressure drops along the pipe. The input parameters are the direct solar radiation, solar ray’s angle 247 

of incidence, wind velocity, ambient temperature, sky temperature, the number of rows and the length. 248 

Other dimensions and optical characteristics of the unit, such as pipe aperture (w), receiver diameter 249 

(D), reflectivity () and absorptance (), are also included in the model. The model equally distributes 250 

the total incoming mass flow between the numbers of rows. Then, it divides the receiver into three 251 

sections depending on the water state, i.e., whether the water is liquid, saturated, or steam, as 252 

displayed in Fig. 2, as different water states have different properties and behaviors. 253 

 254 

 255 
Figure 2. Qualitative temperature distribution along the pipe of the PTSC. 256 

 257 

 258 

 First, the model calculates the outlet pressure as 259 

 260 

 321 ppppppp ininout   (13) 261 

 262 

where 1p , 2p  and 3p  are the pressure drops at different sections. Thus, the total pressure drop 263 

along each tube would be the sum of the pressure drops in each section. For the single-phase flow 264 

(section 1 and 3), the pressure drop is calculated by the Darcy–Weisbach correlation [31], equation 265 

(14). The Colebrook correlation, equation (15), defines the friction coefficient ( f ) as 266 

 3 and 1                       
2

2
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D

V
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 3 and 1           
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 s

f

r

f s

r

s

 (15) 268 

where sm,  and smV ,  are the average density and velocity of the flow in the section s, respectively, 269 

and riD is the inner diameter of the receiver. The relative roughness rir Dr / , where  is the 270 

absolute roughness of the pipe material. For example, the absolute roughness for stainless steel is 271 
5105.1   m ( see [32]). It is important to mention that the pressure drop in the first section will define 272 

the saturation pressure, and therefore, the saturation temperature will also be known. However, the 273 

length of the first section must be determined first by determining the heat demand. 274 

 In the second section, as there is a boiling flow where the two phases coexist, the pressure drop is 275 

calculated differently by using the Friedel correlation [30] using data from [34], see Appendix C for 276 

more details. 277 

 Regarding the heat transfer, the flux balance represented in Fig. 3 is characterized through the 278 

equation below: 279 

 280 

   3 and 1,2s          ,,,,  ambsromsrecLsconsoptsabsf TTAUASQ   (16) 281 

 282 

where sabsfQ ,  is the heat absorbed by the fluid in section s, opt is the optical efficiency, S is the 283 

irradiation, Tamb is the ambient temperature, Trom,s is the mean temperature at the outer surface of the 284 

receiver in section s, and UL  is the mean heat transfer coefficient for the entire PTSC. The area of the 285 

concentrator in section s is defined as sscons LapertureA , , and similarly, the receiver area in the 286 

corresponding section is srosrec LDA  ,  . Appendix C presents the detailed modeling of this 287 

component. 288 

 289 

 290 
Figure 3. Cross sectional area of the receiver. Heat fluxes and temperatures. 291 

 292 

2.4 DCMD 293 

 294 

 For this component, a hollow fiber configuration is chosen, as described in [32](see Fig. 4). The 295 

warm seawater flows in the fibers (the feed side), while cold water flows through the permeate side, 296 

which is located at the other side of the fibers. The design is made in such a way that both sides have 297 

a constant flow. Owing to the counter-flow configuration, the temperature difference along the fiber 298 

is almost constant and therefore is the associated vapor pressure difference. The pressure gradient 299 

across the membrane is the force that drives the entire process. The modeling along the fiber is 300 

performed by dividing the fiber into smaller segments or volumes of control, and applying the balance 301 

equations (mass flow and energy) using the mean properties of the segment and the state of each 302 

segment (temperature, density, pressure, etc.). Note that if the system is not discretized, then the non-303 

linear behavior of the system leads to large errors in the results. 304 

 305 
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 306 
Figure 4. Scheme of a) a hollow fibers module and b) the mass and heat transfer through the 307 

membrane c) cross section. 308 

 The range of operation of the model for the mass flow of one unit is between 0.05–0.15 kg/s; 309 

however, higher values can also be applied. In such cases, the model calculates the needed number 310 

of units. The range of operation for the feed temperature has limits, and in this study, it is set between 311 

70 °C to 90 °C. The permeate flow is assumed to remain at a constant in-flow of 0.1 kg/s in each unit 312 

and at 25°C at the inlet. 313 

 Another important issue to consider, when designing the hollow fiber operation, is the membrane 314 

liquid entry pressure (LEP), which sets the limit for the applied transmembrane pressure. Trans-315 

membrane pressure is defined as the hydrostatic pressure minus the vapor pressure ( pmp pp , and 316 

mff pp , ). Values below such limits will prevent liquid from entering the pores. Note that the 317 

hydrostatic pressure does not affect the permeate flux, but it is important to consider, as it prevents 318 

the pores from flooding. The detailed mathematical model for this component is explained in [35]. 319 

Table A3 (in the appendix) shows the important data for the DCMD used in study. 320 

 321 

3. Plant Configurations  322 
 323 

 In short, the plant produces electricity and fresh water at all times by converting the solar energy 324 

collected regardless of the time of day. A Dish-Stirling delivers part of its load to the dual mode 325 

SOFC (RSOFC), which load is used to produce fuel (hydrogen) during the peak hours of radiation 326 

(SOEC mode), and then uses the fuel produced to feed the RSOFC during low or zero radiation 327 

(SOFC mode). Thus, the plant is able to cover the power demand all the time, and at the same time, 328 

it produces fresh water through seawater desalination. 329 

 For successful plant operation, it is crucial to develop a management schedule/plan that takes into 330 

account the forecast solar radiation, energy demand and fuel supply. The flexibility of the plant in 331 

producing power and fresh water will be improved greatly if the schedule is correctly planed. This 332 

has been a limitation of many renewable energy plants.  333 

 As highlighted above, the plant has two modes of operation: the SOEC and SOFC modes. The 334 

plant’s operation differs slightly from the SOEC mode to the SOFC mode, as shown in Fig. 5 and 335 

Fig. 6. The operation of the system in SOEC mode is explained in detail first. 336 

 337 

 SOEC mode  338 

1. Water from the tank (point 1 in Fig. 5) is pumped to the PTSC (point 2), where it is heated, 339 
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generating steam at 350 °C (point 3). 340 

2. The steam is then divided into two flows. Part of the steam goes to the RSOFC (point 4), and 341 

its quantity is regulated according to the electricity surplus from the Dish-Stirling units (point 342 

212). The rest of the steam (point 11) is sent to a heat exchanger (SWP1) to preheat seawater 343 

(from point 41 to point 42) before it is sent to the separator (point 12).  344 

3. Before the steam goes (point 4) to the RSOFC, it flows through a cathode preheater (CP) to 345 

gain heat (point 5) from the cathode off-fuel of the RSOFC (point 6). The operating 346 

temperature of the cells is assumed to be 750 C, and the steam is preheated to approximately 347 

600 °C.  348 

4. Preheated steam (5) is fed to the cathode side of the RSOFC. Owing to steam electrolysis, the 349 

cathode outlet (point 6) contains a mixture of hydrogen and water, and the anode outlet (point 350 

8) contains oxygen. Both outlets are assumed to have the same temperature as the cell 351 

operating temperature (750 °C).  352 

5. The off-fuel (H2 +H2O), after leaving the cathode pre-heater (point 9), is cooled again in 353 

another heat exchanger (SWP2) to preheat the seawater (from point 42 to 43). The 354 

thermodynamic state at the outlet (point 10) is designed to be slightly above the saturation 355 

temperature of water.  356 

6. Later in the separator (condenser), the water in the off-fuel mixture (point 10) condenses and 357 

mixes with corresponding condensed water at point 12, allowing for the collection of water at 358 

the bottom of the condenser (point 13) and H2 from the top (point 14) at ambient temperature. 359 

Water is stored at ambient pressure, while the hydrogen is pressurized and stored (point 15) 360 

using the compressor C2 (min pressure of 1.5 bar). 361 

7. On the other hand, the oxygen coming out of the anode side (point 8) preheats the seawater in 362 

a heat exchanger (SWP3) before it is released into the atmosphere (point 46 to 47). 363 

8. The seawater is preheated to 80 °C (at both 43 and 47) using the heat released from the RSOFC 364 

outlets, and then are mixed together. The resulting flow (point 50) is used to feed the DCMD 365 

system. The outlet is then discharged to the surrounding environment (point 51). On the 366 

permeate side, fresh water is leaves the tank (point 53) and flows into the DCMD. The outlet 367 

(point 54) is used to preheat seawater (point 45 to 46) in a heat exchanger (SWP4) before the 368 

water moves to the next heat exchanger (SWP3). Finally, the fresh water out of SWP4 is 369 

returned to the tank at ambient pressure. 370 

9. Pumps 2, 3 and 4 drive the distillation system taking into account the liquid entry pressure 371 

limits. 372 

10. At the same time, the Dish-Stirling system produces power (point 210) for supplying 373 

electricity to the RSOFC, while the remaining power is sent to the grid. As the power 374 

generated in the Dish-Stirling is AC, and the RSOFC works with DC (point 211), a rectifier 375 

is used between these components. 376 

 377 

 The system is set in such a way that the RSOFC in the electrolyzer mode is working at the thermo-378 

neutral point (or slightly over) by controlling the steam and the power supplied. Under such operating 379 

conditions, minimum power is required by the system and an external heat source (at such high 380 

temperature level) is not necessary, see e.g. [36]. 381 

 Regarding the storage system, hydrogen is stored at higher pressure while water is not because the 382 

energy required to compress a gas is much higher than the energy required to compress a liquid. 383 

Therefore, to discharge H2 at ambient pressure and then compress it again would result in energy 384 

wastage. However, in the case of the water, it is justified because the wasted energy is minimal when 385 

compared to the greater complexity associated with storing pressurized water. It shall be noted that 386 

pressurized ROEC has also been studied  and validated experimentally, see e.g. [37]. 387 

 Further, it is important to keep in mind that the flow entering the separator (point 12) has to be at 388 

a temperature that is higher than the condensing temperature of water. Then, the separator will release 389 

heat until both water and H2 are at ambient temperature and completely separated in two phases. In 390 

order to achieve this, the temperature at point 12 should be the condensing temperature, and the pump 391 
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P1 must deliver the necessary pressure. In this way, the gas state at point 12 is assured. It is also worth 392 

noting that the higher the pressures in point 2, the lower the heat that will be recycled in SWP1. 393 

 394 

395 
Figure 5. Scheme of SOEC mode operation. 396 

 397 

 SOFC mode  398 

1. The heat exchanger, which was a cathode preheater in SOEC mode, is now an anode preheater, 399 

and the heat exchanger, which was anode preheater in SOEC mode, is now a cathode 400 

preheater. In SOFC mode, the stored H2 (point 16) feeds the anode preheater.  401 

2. A blower (C1) supplies air to the cathode side of the SOFC (point 21). Pressure drops along 402 

the air pass-way decide the pressure of the air after it leaves the blower. A heat exchanger 403 

(AP) preheats the air before it enters the cathode side of the SOFC (point 7). Off-air out of the 404 

cathode (point 8), which is approximately 150 C warmer, preheats the incoming air.  405 

3. The reactions taking place in the RSOFC are now reversed. As a result, the off-fuel at the 406 

anode outlet (point 6) will be composed mostly of water and hydrogen, while the off-air at the 407 

cathode outlet (point 8) will be composed of air that is poor in oxygen.  408 

4. In this mode, all the steam generated at the PTSC (point 11) is used to feed the heat exchanger 409 

(SWP1) and preheat the seawater (from point 41 to 42).  410 

5. The Dish-Stirling system is still producing power, but less than in the SOEC mode, owing to 411 

less radiation. However, the RSOFC is now able to produce power (point 211) using the stored 412 

fuel. An inverter converts the power of the RSOFC from DC to AC and sends it to the grid 413 

(point 212). 414 

 415 
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416 
Figure 6. Scheme of SOFC mode operation. 417 

 418 

3.1 Design, sizing and dimensioning methodology 419 

 420 

 There are two main subsystems in the plant: the Dish-Stirling collectors and the storage system. 421 

Both can be relatively easy to scale up by adding more collector units or solid oxide cell stacks, 422 

respectively. One can optimize the size of these subsystems and achieve a reliable power supply by 423 

estimating the power demand during the daytime. First, it is necessary to make sure that the main 424 

component of the storage system (the RSOFC) can deliver the maximum demanded power. Once a 425 

minimum RSOFC size is set, one should look at the performance and needs of the RSOFC when the 426 

system is operating in electrolysis mode, such as the power and mass flow of steam at a fixed 427 

temperature. Afterwards, one needs to define the number of rows and length of the PTSC, as well as 428 

the number of Dish-Stirling units, by taking into account the solar radiation in order to meet the 429 

SOECs power demand at any time. Note that the Dish-Stirling units need to cover not only the SOEC 430 

demand but also the power demand through the grid. 431 

 The next step is to evaluate the system against an estimated solar irradiation profile, in order to 432 

check whether the system is self-sufficient, meaning that the net balance of hydrogen is positive 433 

(production versus usage). If not, then the size of the RSOFC needs to be increased to produce more 434 

hydrogen. This, in turn, means that one needs to increase the number of Dish-Stirling units. On the 435 

other hand, in order to ensure that steam is not condensing before reaching the condenser (point 12), 436 

one needs to set the minimum temperature at point 2 as the saturation temperature, which is 437 

approximately 180 °C. 438 

 The pressure drops should also be taken into account in the system design. Pump 1 (P1) is in charge 439 

of driving the water and associated pressure drops along its way until the condenser, therefore its 440 

pressure supply must be sufficient. This pressure should not be too high either, as the higher the 441 

pressure is, the higher the temperature of condensation will be, and therefore less heat will be 442 

available for seawater preheating at point 9. In addition, the pressure in the distillation system should 443 
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also be considered. Pump 3 (P3) has to provide enough pressure to overcome the pressure losses in 444 

the DCMD and SWP4 before the water reaches the fresh water tank. At the same time, the DCMD 445 

operation limits the membrane liquid entry pressure and therefore the possibility to recover the heat 446 

at the outlet of the permeate side is then conditioned by the pressure drop in the heat exchanger 447 

(SWP4). 448 

 449 

3.2 Input parameters 450 

 

 Table A1 through Table A3 in the appendix present the most relevant parameters used to model 

each component (Dish-Stirling, PTSC and DCMD). The ambient conditions are assumed to be 30 °C 

for air temperature, 20 °C for sky temperature and 5 m/s for wind speed. The seawater is assumed to 

have a temperature of 15 °C, with a salt concentration of 35 g/kg. Table A1 presents specifications 

for the Dish-Stirling used in this study, while Table A2 shows the parameter specifications used in 

this study for PTSC. Table A3 displays the assumed parameter specifications for the DCMD used in 

this study. Table A4 illustrates the main parameters for the RSOFC component. Finally, in Table A5, 

the main parameters for the other components are listed.   

 

4. Results and discussions  451 

 452 
 Simulations and main calculations were carried out using dynamic network analysis (DNA), which 453 

is an in-house software for energy systems analysis developed at the DTU Thermal Energy Section. 454 

DNA solves a system of non-linear equations through the Newton–Raphson modified algorithm, see, 455 

for example, [38]. The models were verified against the literature to assure quality of the results, but 456 

the verification is not reported here owing to limited space. In the sections that follow, the 457 

performance of each component is presented along with discussions of some of the interesting aspects 458 

of the components’ performances.  459 

 460 

4.1 Dish-Stirling 461 

 462 

 Figure 7 presents the power produced by a single Dish-Stirling unit. The power output depends 463 

directly on the solar irradiation, and has a maximum value of 24 kW at 1000 W/m2. For 175 units, 464 

this maximum value corresponds to approximately 4.2 MW. However, the efficiency of the Dish-465 

Stirling is not proportional to the irradiation, as illustrated in Fig. 7. Its efficiency increases from 466 

approximately 22% at low irradiation (approximately 150 W/m2) to approximately 26% at about 370 467 

W/m2. Afterwards, the increase in efficiency is not very severe. The efficiency increases to 468 

approximately 27% at about 700 W/m2 and remains nearly constant until about 930 W/m2. 469 

 470 

 471 
Figure 7. Dish-Stirling unit performance.  472 

Power (blue) and efficiency (red) as function of radiation.  473 

 474 
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4.2 PTSC 475 

 476 
 Figure 8 shows the performance of the PTSC steam generator. As shown in the figure, the 477 

performance of the generator is proportional to the irradiation, as the inlet pressure and the outlet 478 

temperature are fixed regardless of the quantity of radiation. Therefore, the only variation will occur 479 

in the mass flow through the component. Accordingly, the temperature profile along the pipe is almost 480 

constant, with a saturation temperature of approximately 165ºC [39]; thus, the heat losses to the 481 

environment remain constant. The small differences will be the consequence of higher pressure drops 482 

when the mass flow increases with higher solar irradiations.  483 

 484 

 485 
Figure 8. Performance of the PTSC steam generator. 486 

 487 

4.3 SOFC mode and SOFC system only 488 

 489 

 The first parameter to be studied is the utilization factor (UF) of the SOFC mode. The higher this 490 

value is, the higher the power from the stack will be. However, when the SOFC is combined with 491 

another plant, such as a see-water desalination plant, as done in this study, the heat available for the 492 

other plant should also be considered when examining the plant’s entire efficiency. The reason is that, 493 

by increasing the SOFC utilization factor, less off-fuel will be available for heating the bottoming 494 

cycle. As displayed in Fig. 6, the off- fuel (containing unburnt H2) will be sent to the condenser to 495 

separate the unreacted H2 from the off-fuel, and then sent back to the fuel storage tank (recovering 496 

the unused hydrogen). In traditional plant designs, a burner (catalytic burner) combusts the unreacted 497 

fuel to provide heat for the bottoming cycle, which is not the same case here. Thus, the efficiency of 498 

the SOFC plant can be described as 499 

 500 

 
𝑒𝑙_𝑆𝑂𝐹𝐶
∗ =

𝑃𝑂𝑊𝐸𝑅

𝐿𝐻𝑉 .  �̇�𝐻2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑  .  𝑈𝐹
 (17) 501 

 502 

where  �̇�𝐻2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 is the fuel consumed by the fuel cell stacks. Using such a definition, one can 503 

then study the effect of the utilization factor (UF) on SOFC plant efficiency. First, the fuel feed into 504 

the plant is assumed to be constant, which means that the fuel consumed in the fuel cell stacks changes 505 

accordingly. Figure 9 presents the results for this case. Note that in this case, the focus is on the SOFC 506 

plant only, and the freshwater system is not accounted for in the figure. The figure reveals that there 507 

exists an optimum UF, for which the plant efficiency is a maximum. The plant efficiency reaches 508 

approximately 39% at a utilization factor of approximately 78%. The sudden decrease in plant 509 

efficiency after this point is due to high concentration losses in the cells. It is also apparent that the 510 

plant roundtrip efficiency decreases from approximately 65% at UF = 0.4 to approximately 50% when 511 

UF = 0.5. When the system is operating at roundtrip efficiency, the unreacted hydrogen is recovered; 512 

hence, the plant’s efficiency is significantly higher than in the traditional case, where a burner 513 

combusts the unreacted fuel. The assumption that UF = 0.7 made at the beginning is thus very close 514 

Irradiation [W/m2]

Q
a
b

s
o

rb
e
d
 i
n

 P
T

S
C

 [
k
W

]

100 300 500 700 900 1100
0

250
500
750

1000
1250
1500
1750
2000
2250
2500
2750



14 
 

to the optimal value.  515 

 516 

 517 
Figure 9. SOFC plant performance as function of utilization factor  518 

(when feeding fuel in constant). 519 

 520 

 Second, the fuel consumed by the stack is assumed to be constant, which means that the fuel fed 521 

into the plant changes accordingly. Equation (4) shows that under constant fuel consumption in the 522 

fuel cells, plant electrical efficiency increases by decreasing the fuel cell utilization factor. Table 1 523 

shows that decreasing the utilization factor increases net-power production at the expense of heat 524 

production. Although fuel fed into the system increases to maintain the quantity of consumed fuel 525 

(by the fuel cells), when the utilization factor decreases, the air flow on the other side of the fuel cells 526 

decreases, as less heat needs to be removed from the SOFC (less power consumption in the air 527 

blower). 528 

 529 

Table 1. SOFC mode cogeneration data with different utilization factors under constant fuel 530 

consumption in the fuel cells. 531 

UF 0.8 0.7 0.6 0.5 0.4 

Feeding fuel into the plant [kg/s] 0.00875 0.01 0.01167 0.014 0.0175 

Fuel consumed by the fuel cells [kg/s] 0.007 0.007 0.007 0.007 0.007 

Power [kW] 404 445 474 499 523 

Heat* [kW] 428 386 358 333 304 

Power share 49% 54% 57% 60% 63% 

Heating share  51% 46% 43% 40% 37% 
Heat* is accounting for the heat carried out by the RSOFC outlets that could potentially be used for seawater 532 
heating. At the end, not all of it is used because a certain quantity is wasted, mostly in the condenser. 533 

 534 

Thus, one can manage the energy flows and consequently increase the roundtrip efficiency of the 535 

storage subsystem (including hydrogen production and storage). Such results are interesting, as they 536 

show, for example, how to run the system when freshwater consumption is low. For example, the 537 

heating share, which is used for freshwater production, decreases from 51% to 37% when the 538 

utilization factor decreases from 0.8 to 0.4 (although it is not clear if UF can be changed freely). 539 

 As mentioned previously, the utilization factor is assumed to be constant and equal to 0.7 for the 540 

base case. Table 2 shows the power produced by the system for different fuel mass flows that are fed 541 

into the plant and the comparison between both interpretations of the efficiencies used in this study 542 

(when hydrogen production is also accounted for). Note that the “Efficiency* (*
el_SOFC)” better 543 

represents the performance of the system presented here, as it recovers the hydrogen that is not used 544 

in the fuel cells and sent back to the storage tank for future use. Equation (1) defines el_SOFC, while 545 

Eq. (54) defines *
el_SOFC. As shown, the roundtrip efficiency of the presented plant is very high and 546 

reaches approximately 57% when power production is about 259 kW. However, the roundtrip 547 
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efficiency decreases when the fuel fed to the plant increases to produce more power.   548 

 549 

Table 2. SOFC mode power performance and efficiency summary. 550 

Plant feeding fuel 

[kg/s] 

Fuel consumed in the fuel 

cells [kg/s] 

Total power 

[kW] 

Efficiency 

( SOFCel _ ) 

Efficiency* 

( *
_ SOFCel ) 

0.005 0.0035 259 40% 57% 

0.01 0.007 494 37% 54% 

0.015 0.0105 703 35% 51% 

0.02 0.014 887 33% 47% 

0.024 0.0168 990 31% 44% 

 551 

4.4 SOEC mode and SOEC system only 552 

 553 

 Table 3 presents the performance summary of the plant in the SOEC mode in which the inlet and 554 

outlet temperatures, and pressure of the steam remain constant. Interestingly, the cell voltage 555 

increases with the steam inlet mass flow. This occurs because the power input must increase to 556 

generate more heat, which increases the inlet temperatures up to the operation temperature (750°C), 557 

and energy balance is finally achieved. In fact, if the inlet temperature was set to 750ºC, the 558 

thermoneutral cell voltage would be approximately 1.285 V, and it would remain constant. In the 559 

literature, other authors have used a burner to transfer the necessarily additional heat to the steam, but 560 

in this study, the idea is to run the plant with only solar energy. 561 

 562 

Table 3. SOEC mode performance summary (4 bar). 563 

H2O in 

[kg/s] 

Power Consumed 

by SOECs [kW] 

Efficiency 

[%] 

H2 Produced 

[kg/s] 

Current density 

(mA/cm2) 

Ecell  

[V] 

0.05756 731.50 75.3% 0.005797 275.2 1.318 

0.09023 1021.0 73.4% 0.008078 383.6 1.320 

0.12949 1284.7 71.1% 0.010144 481.6 1.323 

0.18323 1562.5 68.3% 0.012303 584.1 1.327 

0.26363 1880.7 64.7% 0.014751 700.4 1.332 

0.39642 2275.3 59.9% 0.017744 842.5 1.340 

0.64894 2820.2 53.4% 0.021786 1034.4 1.352 

 564 

 As revealed in Table 3, the SOEC plant efficiency (without fresh water production) reaches values 565 

of more than 75% at low H2 production rate and decreases when H2 production increases. Equation 566 

(10) defines the SOEC plant efficiency presented in Table 3. However, it also would be interesting to 567 

determine the electrolysis efficiency without considering the heat required to preheat the incoming 568 

water that feeds the cells (as shown by studies in the literature). Thus, the efficiency is defined as 569 

 570 

 
𝑆𝑂𝐸𝐶
∗ =

𝐿𝐻𝑉 .  �̇�𝐻2,𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

 𝑃𝑂𝑊𝐸𝑅
 (18) 571 

 572 

It is worth noting that the mass flow required to calculate Qin in Eq. (10) is the water mass flow 573 

entering the SOEC only (point 4 in Figure 5). However, the PTSC preheats additional water that is 574 

used to preheat the seawater (point 11 in Figure 5) and the mass flow for this one is much higher than 575 

the one used in SOEC. Therefore, one may define a combined SOEC–DCMD efficiency as 576 

 577 

 
𝑆𝑂𝐸𝐶−𝐷𝐶𝑀𝐷

=
𝐿𝐻𝑉 .  �̇�𝐻2,𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

 𝑃𝑂𝑊𝐸𝑅 + 𝑄𝑃𝑇𝑆𝐶
 (19) 578 

 579 

where QPTSC is the total heat produced by the parabolic trough solar collector. Figure 10 shows the 580 

results of such efficiency calculations as functions of hydrogen production (in kilograms per hour). 581 
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As presented, the efficiency of the SOEC stacks only (without accounting for water preheating) 582 

remains very high at approximately 91% –93%, while the SOEC plant efficiency (including water 583 

preheating) decreases from approximately 75% at low H2 production to approximately 54% at high 584 

H2 production. However, the plant efficiency (SOEC with DCMD) increases from approximately 585 

20% at low H2 production to approximately 47% at high H2 production.   586 

 587 

        588 
Figure 10. Efficiency performance of the SOEC mode. 589 

     590 

 Another interesting result that can be extracted from Table 1 and Table 3 is the approximate value 591 

of the roundtrip efficiency of the storage system. Knowing the dual-mode efficiency allows one to 592 

infer the approximate cost of storing energy, or in other words, how much of the power input can be 593 

used again. This value varies depending on the operation range, but its mean is approximately 42–594 

45% when only the electrical output is considered. In practice, there is a higher utilization of that 595 

energy, as the heat released during the storing cycle can be used for freshwater production. 596 

 One of the challenges for such system is the plant price and payback time. The prices for RSOC 597 

and DCMD are unknown since they are not commercialized yet. Even though there is a good price 598 

approximation for each of them but still they cannot be certain. Political decisions and governmental 599 

subsidies will also have a great impact on future price development of such devices [40]. All these 600 

are out the scope of this study and will not be discussed here.  601 

 602 

4.5 Case study – dual mode 603 

 604 

 To show the performance of the entire system (both SOEC and SOFC modes), real solar irradiation 605 

data from a random day is used. In this study, the data used for investigation is for a random day in 606 

South Africa [41]. The reason is that a detailed radiation, hour by hour, for an entire is 607 

presented/published. The system is evaluated and analyzed in terms of efficiency and productivity. 608 

The simulations are carried out with hourly data, and it is assumed that steady state is achieved within 609 

each hour. In order to concentrate on plant performance, the power demand during the day is set as 610 

500 kW. Thus, it is easier to compare the differences in terms of power demand and production 611 

profile. It is worth mentioning that fulfilling such a power demand (in 24 h) is challenging for a solar 612 

plant owing to intermittency of the source. Currently, only a few solar plants can produce such power 613 

in 24 h using thermal storage.  614 

 In order to carry out the simulations, one needs to distinguish the demand power from the 615 

production power. Figure 11 presents the difference in the power demand and power production 616 

profiles over the course of an entire day (24 h). One can immediately notice that the power production 617 

is much higher than the power demand during daylight. This provides the basis for storing power and 618 

using it when demand is higher than production. The shift between the operations modes over the 619 

course of 24 h is designated as follows: 620 

- [00:00 – 06:00]  SOFC MODE 621 

H2  produced [kg/min]
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- [06:00 – 07:00]  SOFC MODE + STIRLING + PTSC 622 

- [07:00 – 18:00]  SOEC MODE + STIRLING + PTSC 623 

- [18:00 – 19:00]  SOFC MODE + STIRLING + PTSC 624 

- [19:00 – 00:00]  SOFC MODE 625 

 626 

 627 

Figure 11. One day hourly data for direct radiation [W/m2], power of Dish-Stirling [kW] and 628 

power demand [kW]. 629 

 630 

Figure 12 displays the results obtained from the RSOFC (dual mode) plant proposed in this study 631 

over 24 h (both SOEC and SOFC modes) in terms of freshwater and hydrogen production. During 632 

daytime, the plant produces power that satisfies the electrical power demand. At the same time, it 633 

stores energy in form of H2 (power to gas), and then uses this stored energy during the nighttime to 634 

produce power. The difference between consumption and production rates according to the operation 635 

mode within each time gap is distinguishable. Note that there is a positive net balance of H2, meaning 636 

that at the end of the day, there is approximately 295 kg or 3281 Sm3 (standardized cubic meter, 15 637 

C and 1.01325 bar) more H2 in the tank than on the previous day. Such encouraging results should 638 

be taken into account when designing such plants (independent on external fuel). The chosen day 639 

seems to be appropriate in terms of solar radiation because it allows for the storage of excess fuel, 640 

which could be utilized on the following day. However, in an entire year, there will be some days 641 

with less irradiation (or none at all); therefore, it is important to increase the capacity of the stored 642 

fuel so that more fuel reserves are available when sun radiation is low. Further, the additional 295 kg 643 

of H2 that is stored allows the system to run for approximately 10 h without any irradiation from the 644 

sun (during nighttime). Of course, to study the amount of hydrogen for an entire year, one needs to 645 

simulate the system for all days of the year by knowing the expected irradiation for each day, which 646 

is an extensive undertaking that requires additional weather data for the specified location. 647 

 648 
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 649 
Figure 12: Hydrogen and fresh water stock variation along day 650 

 651 

 Conversely, the total amount of water distilled on that particular day is 8466 liters. As explained 652 

earlier, one can convert such quantities of water into an energy value (for sake of comparison) by 653 

taking into account the necessary energy needed to evaporate the seawater at 15ºC (and at 1 atm) as 654 

the reference point. The result is 6094 kWh, as shown in Table 4. In order to obtain a performance 655 

indicator for the DCMD system, this number can then be compared to the total heat that is transferred 656 

to the seawater during that day. As shown in Table 4, the energy transfer to the DCMD is 657 

approximately 2.7 times larger than the energy received by the DCMD, meaning than the efficiency 658 

of the DCMD system is estimated to be approximately 37%, which can be attributed to the high salt 659 

concentration in the seawater. On the other hand, the results indicate that there is a potential to 660 

increase the efficiency of the freshwater production maybe by other distillation systems. This could 661 

be possible because of the high temperature of the gases released by the RSOFC and the outlet 662 

temperature of the PTSC.  663 

 664 

Table 4: Summary of the total energy flows on the specified day. 665 

Total energy flow     

Solar energy 145065 kWh 

Freshwater energy (DCMD) 6094 kWh 

Heat transferred to seawater 16426 kWh 

Hydrogen energy 9843 kWh 

Energy to grid 12000 kWh 

 666 

Finally, from Table 4, it is also possible to calculate the overall efficiency of the system (as defined 667 

in Eq. (1)), which is approximately 19.3%. Nevertheless, if one considers the actual energy transferred 668 

to the seawater (allowing use of other types of freshwater production systems) instead of the 669 

freshwater distilled by the DCMD, then the overall system efficiency increases to 26.4%.  670 

 671 

5. Conclusions 672 
 673 

 A novel system is proposed to deliver electricity and freshwater from sun radiation at any time 674 

(day and night), even though there is no irradiation for a short period. The presented system uses a 675 

reversible solid oxide cells technology, Dish-Stirling engines, parabolic trough solar collectors, and 676 

direct contact membrane distillations units.  677 

 The plant is evaluated on a random day in South Africa where it has to supply a constant demand 678 
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of 500 kW, 24 h a day. The results indicate that, with a RSOFC of 70 stacks of 200 cells, 175 units 679 

of 25 kW Dish-Stirling and a 7 × 200 m of PTSC, the plant was not only able to meet the constant 680 

demand but was also able to produce 3281 Sm3 of H2 and 8466 liters of freshwater each day. This 681 

system reached an energy efficiency of 19.3%, including electricity, hydrogen production and 682 

freshwater production. It is also found that there is a potential to produce much more freshwater than 683 

that produced by the current DCMD technology. If a re-configuration is applied, the system could 684 

reach an energy efficiency of 26.4%, which is rather high for such applications. 685 

 686 

Nomenclature  687 
 

  A Area, [m2] 

AC Alternate Current 

AP Anode preheater 

C Compressor 

CP Cathode preheater 

cp Heat capacity, [J/(kgK)] 

CR Concentration ratio 

D, d Diameter, [m] 

DC Direct Current 

DCMD Direct Contact Membrane Distillation 

DNA Dynamic Network Analysis 

dp Relative pressure drops, [bar] 

E Voltage, [V] 

EC Electrolyzer cell 

EES Electrical Energy Storage 

F Faraday´s constant : 96485.3365 [C/mol] 

FC Fuel Cell 

floss loss factor, [–] 

fs Friction coefficient, [–] 

G Gibbs energy 

g Universal gravity constant : 9.81 [m/s2] 

�̇� Mass velocity, [kg/(sm2)] 

H, eth Enthalpy, [J] 

h Convection coefficient, [W/(m2K)] 

HTF Heat transfer fluid 

HX Heat Exchanger 

H2 Hydrogen 

i Current, [A] 

J Current density, [A/m2] 

k Conductivity, [W/(mK)] 

𝐾𝛾𝜏𝛼 Incidence angle modifier, [–] 

L, l Length, [m] 

LEP Liquid Entry Pressure [bar] 

LHV Low heating value, [J] 

M Molar mass 

MD Membrane Distillation 

�̇� Mass flow, [kg/s] 

Ncell Number of cells per stack 

Nstack Number of Stacks 

�̇� Molar flow  

P Power, [W] 

p Pressure, [bar] 
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p0 Partial pressure 

PF Feed pressure, [bar] 

PFm Membrane pressure on the feed side, [bar] 

PP Permeate pressure, [bar] 

PPm Membrane pressure on the permeate side, [bar] 

Pr Prandtl number [–] 

PTSC Parabolic Trough Solar Collector 

PTSC-SG Parabolic Trough Solar Collector Steam Generator 

PV Photovoltaic 

Q Heat, [J/s] 

R Universal gas constant: 8.314 [J/(mol.K)] 

Re Reynold’s number, [–] 

RSOFC Reversible Solid Oxide Fuel Cell 

RSOC Reversible Solid Oxide Cell 

S Direct sun radiation, [W/m2] 

S Section 

SOEC Solid Oxide Electrolyze Cell 

SOFC Solid Oxide Fuel Cell 

SWP Sea water preheater 

t Thickness, [m] 

T Temperature, [K] 

U Heat transfer coefficient, [W/(m2K)] 

Ucc Combined heat loss transfer coefficient, [W/(m2K)] 

UF Utilization Factor, [–] 

𝑥 Vapor quality, [–] 

v Velocity [m/s], specific volume [m3] 

w Aperture 

 

Greek letters 

∆ Difference 

Υ Heat capacity ratio 

Ω Molecular diameter of air 

𝛼 Absorptance 

𝛿 Absolute roughness 

휀 Porosity 

𝜖 Emissivity 

𝜙 Angle of incidence 

𝛾 Intercept factor, [–] 

휂 Efficiency, [–] 

𝜑 Specular reflectance 

𝜆 Mean free path 

𝜇 Dynamic viscosity, [m2/s] 

𝜋 Pi : 3.1416  

𝜌 Density, [kg/m3] 

𝜎 Stefan-Boltzmann constant : 5.678×10−8 W/m2K4   

𝜏 Transmittance, [–] 

𝜉 Compression ratio, [–] 

𝜓 Surface tension 

휁 Gas temperature ratio, [–] 

  

Subscripts 
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absf Absorbed by the fluid 

act Activation 

amb Ambient 

an Anode 

as Anode limit 

cath Cathode 

ci Inner part of the cover 

co Outer part of the cover 

conc Concentration 

cov Cover 

cs Cathode limit 

dens Density 

eff Effective 

el Electrolyte 

f Feed side 

fm Fluid mean 

G Gas 

gen Generator 

in Inlet 

L Liquid, Loss 

m Membrane 

ohm Ohmic 

opt Optimal 

out Outlet 

p Permeate side 

r Reaction 

rec Receiver 

ri Inner part of the receiver 

ro Outer part of the receiver 

ROM Receiver Out (surface) Mean 

s Isentropic 

supp Support 

thn Thermoneutral 

w Wind 

z Segment number 

 688 

 689 

References 690 

 691 

1. Ni M, Leung MKH, Leung DYC. Technological development of hydrogen production by solid 692 

oxide electrolyzer cell (SOEC). Hydrogen Energy 2008:33;2337–54. 693 

2. Abuadala A, Dincer I. Exergoeconomic analysis of a hybrid system based on steam biomass 694 

gasification products for hydrogen production. Hydrogen Energy 2011:36;12780–93. 695 

3. Viviani M, Canu G, Carpanese MP, Barbucci A, et al. Dual cells with mixed protonic-anionic 696 

conductivity for reversible SOFC/SOEC operation. Energy Procedia 2012:182–189. 697 

4. Dillig M, Leimert J, Karl J. Planar High Temperature Heat Pipes for SOFC/SOEC Stack 698 

Applications. Fuel Cells 2014:14;479–488.  699 

5. Odeh SD and Morrison GL. Optimization of parabolic trough solar collector system. Int J Energy 700 

Research 2006:30;259–271. 701 



22 
 

6. Coccia G, Latini G, Sotte M. Mathematical modeling of a prototype of parabolic through solar 702 

collector. Renewable and Sustainable Energy 2012:4 (023110):1–15. 703 

7. Li C, Wang RZ, Wang LW, Li TX, Chen Y. Experimental study on an adsorption icemaker 704 

driven by parabolic trough solar collector. Renewable Energy 2012:57;223–233. 705 

8. Bortolato M, Dugaria S, Del Col D. Experimental study of a parabolic trough solar collector with 706 

flat bar-and-plate absorber during direct steam generation. Energy 2016:116;1039–50. 707 

9. Burgoyne A, Vahdati MM. Direct Contact Membrane Distillation. Desalination and Water 708 

Treatment 2000:35(8);1257–84. 709 

10. Shirazi MMA, Kargari A, Shirazi MJA. Direct contact membrane distillation for seawater 710 

desalination. Separation Science and Technology 2012:49;368–375. 711 

11. Suárez F, Ruskowitz JA, Tyler SW, Childress AE. Renewable water: Direct contact membrane 712 

distillation coupled with solar ponds. Applied Energy 2015:158;532–539. 713 

12. Nakoa K, Date A, Akbarzadeh A. DCMD modelling and experimental study using PTFE 714 

membrane. Desalination and Water Treatment 2016:57;3835–45. 715 

13. Cath TY, Adams VD, Childress AE. Experimental study of desalination using direct contact 716 

membrane distillation: a new approach to flux enhancement. Membrane Science 2003:228;5–16. 717 

14. Akikur RK, Saidur R, Ping HW, Ullah KR. Performance analysis of a co-generation system using 718 

solar energy and SOFC technology. Energy Conversion and Management 2014:79;415–430. 719 

15. Garcı´a-Valverde, Espinosa N, Urbina A. Optimized method for photovoltaic-water electrolyser 720 

direct coupling. Hydrogen Energy 2011:36;10574–86.  721 

16. Ghribi D, Khelifa A, Diaf S, Belhamel M. Study of hydrogen production system by using PV 722 

solar energy and PEM electrolyser in Algeria. Hydrogen Energy 2013:38;8480–90. 723 

17. Monnerie N, von Storch H, Houaijia A, Roeb M, Sattler C. Hydrogen production by coupling 724 

pressurized high temperature electrolyser with solar tower technology. Hydrogen Energy 725 

2017:42;13498–509. 726 

18. Rokni M. Thermodynamic analysis of an integrated solid oxide fuel cell cycle. Energy 727 

Conversion and Management 2010:51;2724–2732. 728 

19. Rokni M. Thermodynamic analyses of municipal solid waste gasification plant integrated with 729 

solid oxide fuel cell and Stirling hybrid system. Hydrogen Energy 2015:40;7855–7869. 730 

20. Ni M, Leung KH, Leung DYC. Energy and exergy analysis of hydrogen production by solid 731 

oxide steam electrolyzer plant. Hydrogen Energy 2007:32; 4648–4660. 732 

21. Ni M, Leung KH, Leung DYC. A modeling study on concentration overpotentials of a reversible 733 

solid oxide fuel cell. Power Sources 2006:163;460–466. 734 

22. Hernández-Pacheco E, Singh D, Nutton PN, Patel N, Mann MD. A macro-level model for 735 

determining the performance characteristics of solid oxide fuel cells.  Power Sources 736 

2004:138;174–186. 737 

23. Duffie JA and Beckman WA. Solar Engineering of Thermal Processes. 4th Ed., John Wiley& 738 

Sons, 2013, ISBN 978-1-118-41541-2 (ebk). 739 

24. Rokni M. Thermodynamic analysis of SOFC (solid oxide fuel cell)–Stirling hybrid plants using 740 

alternative fuels. Energy 2013:61;87–97. 741 

25. Reader GT. The pseudo Stirling cycle – a suitable performance criterion. Proceeding of the 13th 742 

intersociety energy conversion engineering conference 1979; 3:1763–770, San Diego, California, 743 

August 20–25. 744 

26. Stine WB and Diver RB. A Compendium of solar dish/Stirling technology. 1994. Available form 745 

US DOE under contract Nr. 67-3678, Report Nr. SAND93-7026 UC-236.  746 

27. Odeh  SD, Morrison GL and Behnia M. Modeling of parabolic trough direct steam generation 747 

solar collectors. Solar Energy 1998:62;395–406. 748 



23 
 

28. Gungor KE, Winteron RHS. A general correlation for flow boiling in tubes and annuli. Int. J. 749 

Heat Mass Transfer 1986:29(3);351–358. 750 

29. Hammad M, Al-Qtiemat A, and Alshqirate A. Modeling and Analysis of the Performance of a 751 

Parabolic Trough Solar Concentrator System. ASME International Mechanical Engineering 752 

Congress and Exposition, IMECE 2013-63411, Nov. 15–21, San Diego, USA 2013. DOI 753 

10.1115/IMECE2013-63411. 754 

30. Thome JR. Two-Phase pressure drops inside tubes. in Databook III. Laboratory of Heat and 755 

Mass Transfer, Swiss Federal Institute of Technology Lausanne, Switzerland. http://ltcm.epfl.ch 756 

31. Incropera FP, DeWitt DP, Bergman TL and Lavine AS. Introduction to Heat Transfer. 5th ed, 757 

Wiley 2006, ISBN 978-0471457275.  758 

32. Nellis G, Klein S. Heat Transfer. Cambridge 2009, ISBN 978-0-521-88107-4.  759 

33. Rohsenow WM, Hartnett JP, Cho YI. Handbook of heat transfer, 3rd ed. McGraw-Hill 1998. 760 

ISBN 0-07-053555-8.  761 

34. Poling BE, Prausnitz JM and O’Connell JP. The Properties of Gases and Liquids.: 5th Ed., 762 

McGraw-Hill, 2004, Digital version available. 763 

35. Kim YD, Thu K, Ghaffour N, Ng KC. Performance investigation of a solar-assisted direct contact 764 

membrane. Membrane Science 2013:427345–364. 765 

36. AlZahrani AA and Dincer I. Thermodynamic and electrochemical analyses of a solid oxide 766 

electrolyzer for hydrogen production. Hydrogen Energy 2017:21404–23. 767 

37. Jensen SH, Sun X, Ebbesen SD, Knibbe R, Mogensen M. Hydrogen and synthetic fuel production 768 

using pressurized solid oxide electrolysis cells. Hydrogen Energy 2010:9544–49. 769 

38. Elmegaard B. Simulation of Boiler Dynamics – development, evaluation and application of a 770 

general energy system simulation tool. PhD. Thesis 1999, Technical University of Denmark, 771 

Report Nr: ET-PhD 99-02. ISBN 87-7475-222-7.  772 

39. Engineering Toolbox. [Online]. www.engineeringtoolbox.com Assessed April 2017. 773 

40. Schmidt O, Gambhir A, Staffell I, Hawkes A, Nelson J, Few S. Future cost and performance of 774 

water electrolysis: An expert elicitation study. Hydrogen Energy 2017:42;30470–92. 775 

41. Ciolkosz D. SASRAD: An hourly-timestep solar radiation database for South Africa. J. Energy 776 

in Southern Africa 2009:20(1);25–34. 777 

 778 

  779 

http://www.engineeringtoolbox.com/


24 
 

Appendix A    780 
 781 

 782 

Table A2. PTSC main specifications 783 

PTSC  

Length 250 m 

Number of rows 7 

Number of units (Nunit) 175 

Receiver  

     Diameters (Dri, Dro) 33, 38 mm 

     Material Stainless steel 

     Conductivity (kr) 60 W/mK 

     Coating Black Niquel 

     Emissivity (r) 0.06 

     Absorptivity ( ) 0.94 

Cover  

     Diameters (Dci, Dco) 84, 90 mm 

     Material Glass 

     Conductivity (kc) 0.035 W/mK 

     Emissivity (c) 0.84 

     Transmissivity ( ) 0.94 

     Air pressure in the gap (pm) 0.5 mbar 

Concentrator  

     Reflectivity ( ) 0.93 

     Intercept factor ( ) 0.93 

     Aperture 2.5 m 

     Incidence angle modifier ( ) 1 

      Manifold losses 20% of the heat to ambient 

Other Information  

     Irradiation, S [W/m2] 156 

     Ambient temperature (Tamb) 28C 

     Sky temperature (Tsky) 20C 

     Wind velocity (Vwind) 5 m/s 
     Saturation temperature (Tsat) 80C  

 784 

 785 

 786 

Table A3. DCMD hollow fiber module specifications. 787 

DCMD Hollow Fiber Module 

Fiber length 0.4 m 

Inner diameter of fiber 0.3 mm 

Membrane thickness 60 μm 

Porosity 75% 

Membrane conductivity 0.25 W/mK 

Shell diameter 0.003 m 

Number of fibers 3000 

Packing density 60% 

Model Constants  

      Ck  15.18 × 10–4 

      Cm  5.1 × 103 m-1 

      Cp  12.97 × 10–11 m 
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 788 

 789 

 790 

Table A4. RSOFC specification (anode and cathode referred to fuel cell mode). 791 

RSOFC 

Anode thickness 600 μm (Nickel and Yttria Stabilized Zirconia cermet) 

Cathode thickness 50 μm (Strontium-doped lanthanum manganite) 

Electrolyte thickness 10 μm (Yttria Stabilized Zirconia) 

Cell area 144 cm2 (12 cm × 12 cm) 

Number of cells per stack 70 

Number of stacks 200 

Operating temperature 750°C 

Porosity 30% 

Tortuosity 2.5 

 792 

 793 

 794 

Table A5. Specifications of the secondary components. 795 

Pumps 

      Efficiency 

 

0.95 

Heat exchangers  

      Effectiveness 

 

0.8 

Compressors 

      Electro-mechanical efficiency 

      Isoenthropic efficiency 

 

0.95 

0.7 

Inverter/ Rectifier 

      Efficiency 

 

0.95 

 796 

 797 

 798 

Appendix B: Detailed Modeling of Dish-Stirling   799 

 800 
 The UCC is the combined convection–conduction heat loss coefficient accounting for convection 801 

to the ambient environment and conduction through the structure. It is calculated as 802 

 
_ratio

wind
CC

U

h
U

sup1
  (B1) 803 

where Usup_ratio is the loss through the supports of the structure, and hwind is the heat transfer convection 804 

coefficient for wind, and is defined as [23] 805 
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where airk , air  and air  are the properties of air as conductivity, density, and viscosity, respectively, 808 

while wV and recD are wind velocity and receiver diameter, respectively.  809 

 Finally, the generated power can then be calculated by 810 

 unittrackgenmechtotal NZPP    (B4) 811 
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   (B5) 812 

where Ztrack is the tracking system power. Pmech and Qhigh are the power generated by the Stirling 813 
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engine and heat supplied to the engine, respectively. 814 

 815 

 816 

 817 

Appendix C: Detailed Modeling of PTSC–SG   818 
 819 

 Friedel correlation [33] assumes that each phase is flowing separately at different velocities and 820 

occupying a given fraction of the pipe cross section (separated model).  821 

 822 

 frictionmomentumstaticph ppppp  22  (C1) 823 

 824 

It can be seen that the total pressure drop is divided in three parts: static, momentum and friction 825 

pressure drops. The static pressure drop is assumed to be zero because the receiver is placed 826 

horizontally. The momentum pressure drop depends on the inlet and outlet states, which assumes the 827 

complete evaporation from pure liquid to pure vapor discussed in [33], 828 

 𝑝𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = 𝐺2̇
(1 −

1

𝐿
) (C2) 829 

With the mass velocity 𝐺 2̇ = �̇�/𝐴𝑐𝑟𝑜𝑠𝑠, where crossA  is the cross-sectional area of the pipe, and �̇� 830 

is the mass flow. L  is the density of the liquid phase. 831 

 The friction factor is calculated based on the pressure drop as if all fluid is in a liquid state. A two-832 

phase multiplier is then applied to account for phase changes. The total friction factor depends also 833 

on the distance travelled by the fluid, and as the vapor qualities vary along the pipe, the pipe has to 834 

be discretized into N segments. The pressure drop in each segment is then calculated individually, 835 

and finally, the individual pressure drops are summed to obtain the total pressure drop. 836 
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where the two-phase multiplier is defined as 840 
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 846 

where zx  is the vapor quality, and G , L , G , L , Gf  and Lf  are the densities, viscosities and 847 

friction coefficients for the gas and liquid state, respectively.  is the surface tension, and g  is the 848 

gravitational constant. All values are mean values in the segment z . 849 

 First, the optical efficiency is calculated as follows: 850 

 851 

 )(     Kopt   (C8) 852 

 853 

where   is the specular reflectance, and  is intercept factor. The incidence angle modifier )(K  854 

is usually correlated from experimental results. Owing to a lack of experimental data for this case, 855 

the correlation for a similar unit is used here, as in [23]: 856 
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 857 

 483625 1051.21064.11047.61)( 
 K  (C9) 858 

 859 

where  is the angle of incidence. Then, the mean heat transfer coefficient for the entire PTSC is 860 

determined using the total heat loss to the surrounding environment (Qloss), assuming a constant mean 861 

temperature of the outer surface of the receiver (Trom) and a relative coefficient of the conductive 862 

losses through the structure compared with the ambient losses (xmanifold_losss ). 863 
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The manifold loss is assumed to be 20% of the total loss (xmanifold_losss = 0.2). With the total receiver 865 

area LDA rorec   , Trom is calculated as: 866 
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where Trom_1, Trom_2, Trom_3, L1, L2 and L3 are calculated from the discretization process described 868 

above. The total heat loss along the receiver to the surrounding environment is a combination of 869 

conduction, convection, and radiation. First, heat is transferred at the air gap between the receiver and 870 

the glass cover by radiation and conduction through the quiescent air in the gap. Then, the heat is 871 

transferred through the glass cover thickness by conduction, and finally, heat is transferred to 872 

surrounding environment radiation and convection. At steady state, there is a heat flux balance in 873 

which the temperatures of the boundary layer remain constant and can be determined by solving the 874 

following system: 875 
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 879 

where keff is the low-pressure air conductivity, and Dro, Dci and Dco are the diameters of the external 880 

surface of the receiver, the inner glass cover and external glass cover, respectively. r and c are the 881 

emissivity of the receiver and the glass cover, respectively. kc is the conductivity of the glass cover 882 

and hw is the convection coefficient of the wind, which can be calculated in the same way as in the 883 

case for the Dish-Stirling model. The Stefan–Boltzmann constant is 5.678 × 10–8 W/(m2K4).  884 

 The effective conductivity of the low-pressure air trapped in the receiver is calculated by [22] 885 
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 890 

where C is the accommodation coefficient which has commonly been assumed to be the value of 891 

unity (C = 1), and  is the mean free path of the molecules.  is the molecular diameter of air, which 892 

is 81032.2   m, and Tm and pm are the mean temperature and pressure in the annulus (gap), 893 

respectively. 894 
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 The mean temperature at the external surface of the receiver in each section is calculated in order 895 

to obtain the Trom from equation (39). To do that, an energy balance for the pipe wall is performed, 896 

resulting in 897 
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 (C18) 898 

where Tfm_s is the average temperature of the fluid in section s (see Figure 2), and Us is the overall 899 

heat transfer coefficient in section s. Us considers the conduction through the pipe wall and convection 900 

on the heat transfer fluid side, and is written as 901 
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where kr is the conductivity of the pipe material, and hs is the heat transfer convection coefficient for 903 

the fluid side. hs is calculated using different correlations for single-phase and two-phase flows. For 904 

the single-phase flow, the Gnielinski correlation is applied, which can be used for a wide range [31], 905 

as follows: 906 
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 909 

For two-phase flow (when s = 2), however, the correlation developed by Gungor and Winterton is 910 

used [28]. It basically combines the effect of the forced convection and the nucleate boiling weighted 911 

with coefficients. Again, similar to the process of calculating the pressure drop in two-phase flow, 912 

this section must be discretized into smaller segments because the heat transfer depends on the vapor 913 

quality, which varies along the pipe. Thus, the value for h2 (two-phase, in the previous equations) is 914 

the average value of the N segments defined as 915 
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It was determined that 20 segments were enough for this study. The next step is to calculate the 917 

Froude (Fr) number [32] in order to distinguish between the flow patterns. 918 
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If the Fr number is lower than 0.04, then stratified flow occurs, and the Shah correlation [33] is then 920 

used, as follows: 921 
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   𝐻𝐿 = (
𝑘𝐿

𝐷𝑟𝑖
) 0.023 (

�̇�(1−𝑥𝑧)𝐷𝑟𝑖
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 (C24) 923 

 924 

where hL is the heat transfer coefficient assuming the liquid fraction that fills the tube and thus the 925 

Dittus–Boelter correlation [31] is used. On the other hand, if the Fr number is higher than 0.04, then 926 

annular flow occurs, and the Chan correlation [33] can be applied, as follows: 927 

 928 
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where 𝑞 is the heat flux [W/m2], p is the working pressure and pc is the critical pressure (220.6 bar 932 



29 
 

[34]). The working pressure is the ratio of the saturated pressure to the critical pressure. It is important 933 

to note that, even if there is a pressure drop at the two-phase section (see the calculation above), the 934 

pressure for heat transfer calculations is assumed to be constant and equal to the pressure of saturation 935 

calculated from the pressure drop in the first section. 936 

 Oher coefficients are defined as 937 

 𝑆𝑧 =
1

1+1.15×10−6𝐹𝑧
2[
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]
1.17 (C28) 938 
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 941 

where Bo is the boiling number, which is the ratio of mass flux perpendicular to the wall as defined 942 

in [28].  943 

 Finally, the inlet and outlet temperature of the PTSC are related by the following equation: 944 

 945 

  ambromrecLconsoptabsf TTAUASQ   (C31) 946 

 947 

with 𝑄𝑎𝑏𝑠𝑓 = �̇�[𝐻2(𝑇2, 𝑝2) − 𝐻1(𝑇1, 𝑝1)], where  111 , pTH  and  222 , pTH  are the inlet and outlet 948 

specific enthalpies, respectively, which are dependent on the temperatures and pressures. consA and 949 

recA are the total areas of the concentrator and receiver, respectively, ( LapertureAcons   and950 

LDA rorec   ). Table A2 (in the appendix) provides all other parameters for the PTSC–SG.  951 

 The surface tension  is modeled as a function of saturated temperature as 952 

    28 15.273100999915.273000130890119930710  
satsat T.T..  (C32) 953 
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