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Abstract  8 

This study aims to build a dynamic model of a direct steam generation (DSG) solar power 9 

system coupled with a steam accumulator to meet electricity demands for a hospital under 10 

transient environmental conditions in Libya. The main components of the system are DSG 11 

parabolic trough collectors, a steam accumulator, a turbine, a condenser and a circulation pump. 12 

The system is modelled via using Simulink\Simscape software blocks with integrated 13 

MATLAB functions to run a dynamic simulation. As the simulation tool reflects the transient 14 

operation of the components, advanced control strategies were applied to the model. Using the 15 

proportional integral controller (PI controller), safe operation of the system is secured by pump 16 

flow rate control, safe turbine operation is provided by pressure control and power output is 17 

matched with the demand by using a throttle valve control. 1584 m2 solar collector area and 18 

160 m3 total volume of pressurised steam tank are used in the simulation considering the 19 

electricity demand of the hospital and solar radiation in the location. The produced work output 20 

was controlled to match the demand profile of the hospital, which needs 200 kW in the peak 21 

period and 50 kW at the night. The designed system shows a maximum thermal efficiency of 22 

23.5% for the operation condition. 23 

 24 

Keywords: Demand profile, Direct steam generation Rankine Cycle, Operation control, 25 

Simulink\Simscape, Steam accumulator 26 
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Nomenclature 41 
 42 
A     Area, m2 43 

Cp    Specific heat, J kg-1K-1 44 

G    Solar irradiance, W m-2 45 

h     Enthalpy, kJ s-1 46 

�̇�    Mass flow rate, kg s-1 47 

M    Mass, kg  48 

P     Pressure, MPa  49 

�̇�    Rate of heat transfer, kW 50 

T     Temperature, °C 51 

U    Overall heat transfer coefficient, W m-2 K-1 52 

V    Volume, m-3 53 

�̇�   Power output, kW 54 

ZL   Liquid volume fraction 55 

FM   Mass fraction of the liquid 56 

SR    The flow area of the restriction aperture 57 

Greek letters 58 

𝜂     Efficiency  59 

𝜌     density, kg m-3 60 

𝜈𝑣   The specific volume of the vapor 61 

𝜈𝐿   The specific volume of the liquid 62 

𝜈𝑅   The specific volume at the restriction aperture 63 

 64 

Subscripts 65 

am      Ambient  66 

in         Inlet  67 

out      Outlet  68 

mean   mean temperature   69 

s    Steam 70 

 71 

Abbreviation 72 

PTC      Parabolic trough collector  73 

DSG     Direct steam generation 74 

HTF      Heat transfer fluid  75 

ORC     Organic Rankine cycle  76 

TES      Thermal energy storage  77 

DHW    Domestic hot water 78 
 79 
 80 

1. Introduction 81 

Solar thermal power generation plays an important role in renewable electricity production. At 82 

present, there is a rapid increment of using this kind of technology [1]. Up to date, the global 83 

installed solar electricity generation systems reached up to 6200 MW, with another 1250 MW 84 

under construction using different types of solar collectors. Commercial solar power generation 85 

systems based on parabolic trough collectors have proven to be the most mature and prevalent, 86 

accounting for over 90% of the total capacity of operating and under-construction facilities. 87 
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Solar thermal energy systems are utilised not just for power generation, but also for a variety 88 

of energy-intensive systems such as desalination, hot domestic water synthesis, refrigeration, 89 

and pharmacology industrial [1]. Recently, electricity is the most important energy source for 90 

different uses especially in hospitality and health sector in the world. Electricity can be used to 91 

power all devices in hospitals, and it is the most demanded energy. However, there is a real 92 

problem in southwest Libya for supplying electricity demands for many sectors during the day 93 

[2]. Although there is a diesel generator for each hospital and public buildings, the shutdown 94 

of electricity is still going on, which causes problems in the operation department at the 95 

hospitals [3]. 96 

As a sustainable and reliable solution to this weak grid setting in order to provide enough 97 

electricity for hospital operations, direct steam generation solar power systems based on 98 

parabolic trough collectors can be considered as an alternative and good option [4].  Therefore, 99 

direct steam generation solar power system driven by PTC technology has been widely 100 

examined [5]. The steam is generated directly in solar collector fields without needing to use 101 

an auxiliary boiler, which results in reducing and avoiding the use of an additional pump and 102 

its consumption and heat losses. In the evaporation region of water, the collectors benefit from 103 

the constant temperature and high coefficient of heat transmission [6]. As an application, 104 

Abengoa solar company built a solar energy plant with 8 MWht capacity. This solar plant has 105 

two separate regions, an evaporator field with three loops and two loops for superheater region 106 

to reach at 450 °C and 8.5 MPa [7]. An innovative control strategy of system has guaranteed 107 

the stability of the plant under cloudy climate conditions for one year of operation. Moreover, 108 

evaluation of different configurations of interconnections between flexible rotation joints, solar 109 

collectors and ball joints has been done [8]. The first commercial direct steam generation 5 110 

MWe solar thermal power plant driven by PTC technology has been established in 111 

Kanchanaburi/Thailand. It uses modern a PTC system made of composite material combined 112 

with an efficient thin-glass mirror which reflects more than 95% of the sun radiation. The plant 113 

works under clear and cloudy climate conditions, but under cloudy conditions, it requires high 114 

control of PTC loops [9]. Although direct steam generation solar power system driven by PTC 115 

technology uses turbine-based steam Rankine cycle for thermal power generation have many 116 

advantages, there are some disadvantages using this system as follows: Firstly, only allowing 117 

a suitable high pressure range level and the superheated steam generation to enter the turbine 118 

to overcome condensation of vapor during the expansion process when heat sources decreased 119 

[10]. If the vapor is condensed and enters to steam turbine, it may touch on the blades of turbine 120 

at high speed and will damage the turbine [11]. Secondly, large direct steam generation solar 121 
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power plants are more economic than small capacity one [12], where the capital cost per kW 122 

of a solar electricity generation system generally decreases with the increment in installed 123 

capacity [13].  Direct steam generation solar power plants can generate from a few hundred 124 

kW to more than 200 hundred MW [14]. Finally, it is not easy to store high-grade heat to be 125 

used later [15]. The stored heat is necessary to drive the thermal plant when solar irradiance is 126 

very weak or during night. Regarding to control of power output, Kutlu et al. [16] designed a 127 

solar-ORC integrated with pressurized hot water storage unit for community level application, 128 

their results matched the demand profile of the twelve houses. Aghaziarati et al. [17] modelled 129 

a combined cooling, heating and power system based on solar-ORC and cascade refrigeration 130 

cycle to provide electricity, hot water and cooling to a hospital in Iran. Pina et al.[18] proposed 131 

of a PTC-ORC–Biomass cooling plant for a commercial centre, they achieved good results to 132 

reducing based on fuel energy. Arteconi et al. [19] modelled on system integration of a micro 133 

solar-ORC plant to supplies energy for a residential building. The results showed the 134 

convenience of the proposed system especially when it operates in trigeneration mode, which 135 

allows better exploitation of the thermal energy produced in the summer.  136 

The above issues can be solved or eased by using a control strategy regarding adopting a throttle 137 

valve at the inlet of the turbine to control pressure. To produce electricity on the condition of 138 

large temperature differences or weak solar irradiances, a steam accumulator as a heat storage 139 

tank is one of the best solutions in direct steam generation solar power systems. Direct steam 140 

generation solar power system will be more beneficial than solar indirect steam generation 141 

system [20]. To the best of the authors’ knowledge, investigation of direct steam generation 142 

solar power systems is still a subject for further study, particularly in the field of heat 143 

exchangers design, heat storage tanks with advanced control methodologies in order to secure 144 

the safe operation, maximum yield and demand-based operation. Therefore, in this paper, a 145 

novel direct steam generation solar power system integrated with a steam accumulator is 146 

proposed. The system is dynamically modelled to meet the electricity and domestic hot water 147 

demand of a hospital in southwest Libya under typical climate conditions via using 148 

Simulink\Simscape software.  149 

 150 

 151 

 152 

 153 

 154 
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2. Description of the system 155 

The proposed direct steam generation (DSG) solar Rankine cycle supplies electricity and 156 

domestic hot water (DHW) for a hospital in Libya. Its schematic layout in Simulink\Simscape 157 

block diagrams is presented in Fig.1. The system comprises of PTCs in solar field, a steam 158 

accumulator, a throttle valve, steam turbine, a heat exchanger which is used in the DHW 159 

production process in this system, a water drum condenser and a pump. The overall analysis of 160 

the proposed system is simulated on Simulink\Simscape software. A liquid drum condenser 161 

has been chosen in this study to accumulate the exhaust steam from the turbine. The volume of 162 

this liquid drum is 0.48 m3 as a design condition. A and B are the ports of a block, R is 163 

mechanical rotational conserving port with shaft and C is casing. 164 

 165 

Fig. 1. The layout of the DSG solar power system coupled with steam tank in 166 

Simulink\Simscape software. 167 

 168 

The water enters the pump as a saturated liquid ‘1’ at condensing pressure, then its pressure is 169 

increased by pump to the evaporating pressure level ‘2’. Evaporating pressure depends on the 170 

solar radiation level and the flow rate strategy. In the solar field, there are boiler and superheater 171 

regions, at the outlet of the superheater, the fluid phase is superheated steam ‘3’. Then the 172 

saturated steam flows into the turbine at point ‘4’, exporting power during the process of 173 

enthalpy drop. The exhausted steam from the turbine enters to the DHW heat exchanger at 174 

point ‘5’ and then it loses heat and enters to condenser unit at point ‘6’ and leaves as condensed 175 

water.  176 
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There can be two operating modes for the system:  177 

Mode (I): The system needs to generate electricity and solar radiation is abundant. In this 178 

mode, Valve 1 and Valve 2 are open, and the pump runs. Both DSG and DHW operate during 179 

this mode. The working fluid water is heated and vaporized in the Solar field with PTCs. The 180 

saturated steam flows into the steam accumulator and turbine, exporting power during the 181 

process of enthalpy drop. The outlet vapor is condensed to saturated liquid in DHW system 182 

and in the condenser. The extracted heat by the heat exchanger in DHW system is used to heat 183 

up the water for end-users. The condensed working fluid is pressurized by the pump and then 184 

is sent back to the solar field.  185 

Mode (II): The system needs to generate electricity and DHW, but irradiation is unavailable. 186 

Valve 2 is open, and Valve 1 is close. The heat is released by the steam accumulator and 187 

converted into power. Condensed water is accumulated in the condenser liquid drum. 188 

 189 

3. Hospital energy requirements 190 

The southwest Libyan hospital Murzuq General Hospital's average electricity and hot water 191 

needs must be met by the proposed system. The hospital has 120 beds and an overall size of 192 

8,000m2 [21]. Due to the constant need for hot water in the pharmacy, laboratory, and other 193 

facilities, the electricity consumption for air conditioning, lighting, and medical equipment can 194 

reach 200 kW. In this simulation, there is typical day taken into account. Fig.2 shows the 195 

hospital's daily electricity usage profile. The hospital operates full-time and every day of the 196 

year. The electricity demand starts to increase around 7:00 AM and then decreases after 3:00 197 

PM. Given that only the emergency department is open at night and that all other departments 198 

are closed, it is clear that demand is higher during the daytime and lower during the night. From 199 

8:00 PM to 7:00 AM, the electricity demand remains constant at 50kW. 200 

 201 
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 202 

Fig. 2. Libya Murzuq general hospital's daily electricity usage profile [21]. 203 

 204 

4. Mathematical models 205 

4.1 Solar field model 206 

The model of the solar field is based on separation of the collectors as boiler and superheater 207 

sections. 97.3% of the collectors are used in the boiler section and the remaining 1.7 % are used 208 

as superheater. Boiler section has 118 modules, and superheater section has 2 modules. Each 209 

module has a total area of 13.2 m2 [22]. These numbers are used for calculation of useful heat 210 

input in collector model. In Simulink\Simscape environment, saturated fluid chamber (a steam 211 

drum) is used as boiler section and two-phase fluid pipe is used as superheating region as seen 212 

in Fig.3a. Both elements have controlled heat flow rate sources to operate as solar heat input 213 

which is calculated by MATLAB function block. Boiler section has liquid level signal which 214 

is used to control flow rate. In this way, same liquid level can be kept in the boiler and flow 215 

rate is controlled. The heat flow rate signals to the heat source elements come from the second 216 

block which is shown in Fig.3b. The collector equations are written in the MATLAB function 217 

block using mean temperature in the collector, solar radiation and ambient temperature.  218 

 219 

 220 

 221 
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 222 

 223 

Fig. 3. (a) Simulink\Simscape blocks of the solar field; (b) MATLAB function input and 224 

output signals 225 

 226 

As solar collectors, concentrated type is chosen for this study. Industrial Solar Technology 227 

(IST-PTC) collector is chosen which is high efficiency parabolic trough collector and it has 228 

been already evaluated for its potential in DSG solar power systems [23]. The reasons for 229 

selecting this kind of concentrated solar collector are its low cost, easy ability to be installed 230 

even on building roofs and its proven performance. The thermal performance formula of a 231 

single PTC provided by the manufacturer is given in Eq. (1) [24]. 232 

𝜂𝑃𝑇𝐶 = 0.762 − 0.2125 ×
𝑇𝑖𝑛 − 𝑇𝑎𝑚

𝐺
− 0.001672 ×

(𝑇𝑚𝑒𝑎𝑛 − 𝑇𝑎𝑚)2

𝐺
 

(1)  

 233 

where here 𝐺 is solar irradiance, 𝑇𝑎𝑚 is ambient temperature. 𝑇𝑖𝑛 is inlet collector temperature 234 

and 𝑇𝑚𝑒𝑎𝑛 is mean temperature and it can be expressed by Eq. (2)  235 

𝑇𝑚𝑒𝑎𝑛 =
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡

2
 

(2) 

a) 

b) 
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𝑇𝑜𝑢𝑡 indicates solar collector outlet temperature. Solar Rankine cycles often require hundreds 236 

of collectors, and the temperature differential between adjacent collectors is intended to be 237 

minimal. When determining the overall collection efficiency, it is appropriate to assume that 238 

the average operating temperature of the collector fluctuates continuously from one module to 239 

the next. The amount of solar radiation absorbed by the solar collectors is equal to the enthalpy 240 

increase of the steam and it can be expressed by Eq. (3). 241 

�̇�𝑠𝑜𝑙𝑎𝑟 = 𝐺 ∙  𝐴𝑃𝑇𝐶 ∙  𝜂𝑃𝑇𝐶 = �̇�𝑤𝑎𝑡𝑒𝑟 (ℎ3 − ℎ2) (3) 

 242 

Here 𝐴𝑃𝑇𝐶 indicates total area of the solar collectors, �̇�𝑤𝑎𝑡𝑒𝑟 is mass flow rate of water, ℎ2 and 243 

ℎ3 are inlet and outlet enthalpies of working fluid.  244 

In order to solve given equations, MATLAB function uses input signals as shown in Fig.4b. 245 

Solar irradiance and ambient temperature profiles are given boiler and superheater temperature 246 

signals are taken from the solar field, these temperatures are used for calculation of thermal 247 

efficiency of the collectors. Outputs of the equations are thermal efficiencies of boiler and super 248 

heater sections and heat outputs. Calculated heat outputs are connected to boiler and super 249 

heater elements. 250 

 251 

4.2 Steam accumulator model 252 

One of the important components in the proposed system is the steam accumulator because it 253 

is used as the heat source for the Rankine cycle during discharging mode, and it is used for 254 

separating the liquid and steam before it enters to turbine [25]. Steam accumulators are used as 255 

a thermal storage unit in several industries [26]. Their excellent ramp/response time and energy 256 

storage capabilities are the main reasons for their extensive use. During a vessel's charging 257 

cycle, a standard system uses steam accumulators to hold a water-steam mixture, pressurising 258 

the steam at the top of the vessel [27, 28]. The combination reaches saturation and stabilises 259 

there throughout charging. When the discharge valve is opened, the steam exits the vessel. 260 

Pressure and saturation temperature drop as the discharge cycle goes on, flashing more liquid 261 

to steam that eventually discharges as well. Steam accumulators only create saturated steam at 262 

sliding pressures, despite having the ability to release steam quickly and having round-trip 263 

efficiency of 60–80%. Its energy capacity, which is related to its volume, determines the energy 264 

storage level in the system. The volume of steam accumulator can be calculated by Eq. (4) [25]. 265 

𝑉𝑠𝑡𝑒𝑒𝑙 = 𝑉𝑠𝑡𝑒𝑎𝑚 =
3600𝑡𝐻. �̇�𝑛𝑒𝑡

𝜌𝑠. 𝜂𝑠𝑦𝑠. 𝐶𝑝𝑠 . Δ𝑇
 

(4) 
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Where 𝑉𝑠𝑡𝑒𝑎𝑚 is the steam volume, 𝑡𝐻 is storage time in hour, 𝐶𝑝𝑠 is the heat capacity of steam 266 

and Δ𝑇 is the temperature drop in discharging process. The layout of steam accumulator block 267 

in Simulink\Simscape is shown in Fig.4. 268 

 269 

Fig. 4. Steam accumulator block in Simscape  270 

 271 

For steam accumulator, two phase receiver accumulator block is used in the 272 

Simulink\Simscape. Its model is based on some assumptions: The steam storage wall is 273 

assumed as rigid and adiabatic, so heat loss to the ambient is neglected and total volume of the 274 

container is constant. Pressure is always below the critical pressure, the hydrostatic pressure in 275 

the container is neglected. Liquid and vapour masses are considered separately, mixture is not 276 

modelled and finally, the pressure losses through the output port are zero. Also, in this study, 277 

only vapour inlet and outlet are operating, there is no liquid flow in and out.   278 

 279 

The liquid volume fraction of the tank is expressed by Eq. (5)  280 

𝑍𝐿 =
𝑓𝑀,𝐿 𝜈𝐿

𝑓𝑀,𝐿 𝜈𝐿 + (1 − 𝑓𝑀,𝐿)𝜈𝑣

 
(5) 

 281 

𝑓𝑀,𝐿 is the mass fraction of the liquid. 𝜈𝐿 is the specific volume of the liquid. 𝜈𝑣 is the specific 282 

volume of the vapor. When the liquid specific enthalpy is greater than or equal to the saturated 283 

liquid specific enthalpy, the mass flow rate of the vaporizing fluid is determined from Eq. (6) 284 

�̇�𝑣𝑎𝑝 =
𝑀𝐿(ℎ𝐿 − ℎ𝐿,𝑠𝑎𝑡)/(ℎ𝑣 − ℎ𝐿,𝑠𝑎𝑡)

𝜏
 

(6) 

𝑀𝐿 is the total liquid mass. ℎ𝐿 is the specific enthalpy of the liquid at the internal node. ℎ𝐿,𝑠𝑎𝑡 285 

is the saturated liquid specific enthalpy at the internal node. ℎ𝑣 is the specific enthalpy of the 286 

vapor. ℎ𝑣,𝑠𝑎𝑡 is the saturated vapor specific enthalpy. τ is the vaporization and condensation 287 

time constant parameter. The energy flow linked to vaporisation is as follows: 288 
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�̇�𝑣𝑎𝑝 = �̇�𝑣𝑎𝑝 ℎ𝑣,𝑆𝑎𝑡 (7) 

The total accumulator volume is constant. Due to phase change, the volume fraction and mass 289 

of the fluid changes. The mass balance in the vapor zone is calculated by Eq. (8) [29]  290 

𝑑𝑀𝑣

𝑑𝑡
= �̇�𝑣,𝑖𝑛 − �̇�𝑣,𝑜𝑢𝑡 + �̇�𝐶𝑜𝑛 − �̇�𝑣𝑎𝑝 

(8) 

 291 

𝑀𝑣 is the total vapor mass. �̇�𝑣,𝑖𝑛is the inlet vapor mass flow rate at all liquid and vapor ports. 292 

�̇�𝑣,𝑜𝑢𝑡 is the outlet vapor mass flow rate and it is written by Eq. (9) 293 

�̇�𝑉,𝑜𝑢𝑡 = −(�̇�𝑣,𝑖𝑛𝑙𝑒𝑡 − �̇�𝑣,𝑜𝑢𝑡𝑙𝑒𝑡) (9) 

The energy balance in the vapor zone is determined by Eq. (10) 294 

𝑀𝑉

𝑑𝑢𝑉

𝑑𝑡
 
𝑑𝑀𝑉

𝑑𝑡
𝑢𝑉 = �̇�𝑣𝑎𝑝,𝑖𝑛 − �̇�𝑣𝑎𝑝,𝑜𝑢𝑡 − �̇�𝐶𝑜𝑛 + �̇�𝑉𝑎𝑝+�̇�𝑉ℎ 

(10) 

 295 

𝑢𝑉 is the specific internal energy of the vapor. �̇�𝑣𝑎𝑝,𝑖𝑛 is the inlet vapor energy flow rate at all 296 

liquid and vapor ports. �̇�𝑉ℎ is the heat transfer between the tank wall and the vapor.   297 

 298 

As steam accumulator is one of main important part in this study, the validation part is 299 

necessary to validated simulation results for a test of steam accumulator charging mode. The 300 

experimental data of pressure variations inside the charging steam accumulator of Stevanovic 301 

et al. [29] are used to simulate and analyse charging and discharging transients in the horizontal 302 

cylindrical steam accumulator, which has an outside length of 11.9 m, an outer diameter of 2.9 303 

m, and a total internal volume of 64 m3. The operating range for the accumulator is 25 to 55 304 

bars. The steam headers at the top of the interior of the accumulator vessel are where steam is 305 

fed into the accumulator through the perforated tubes that are immersed in the water volume. 306 

In each simulation run, it is assumed that water and steam are in a state of thermal equilibrium 307 

caused by the initial pressure. 308 

 309 
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 310 

Fig. 5. Measured [29]and calculated pressure in the steam accumulator. 311 

 312 

Steam accumulator was thermodynamically validated. The best agreement of the calculated 313 

pressure transient with the measured data is obtained by the application of the nonequilibrium 314 

model. Through direct comparisons between pressure development from the simulation and 315 

the data taken from [29], the performance of the system has been validated. The case depicts 316 

how a steam accumulator is charged. The comparison of simulated and experimental pressures 317 

is shown in Fig. 5. The pressure growth nearly aligns the referred one and it satisfies the 318 

required standards. 319 

 320 

4.3 Throttle valve model 321 

The throttle valve has been used here in this study to control steam flow rate before enters the 322 

steam turbine as it utilized to regulate flow of steam and gas in large, high-pressure pipelines, 323 

such as the main steam line serving a large, high-pressure turbine or a turboexpander gas supply 324 

line. The mass flow rate is based on Eq. (11) when the flow is turbulent [30]: 325 

 326 

�̇� = 𝑆𝑅(𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡)√
2

[𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡]𝜈𝑅 𝐾𝑇
 

(11) 

SR is the flow area of the restriction aperture and 𝜈𝑅 is the specific volume at the restriction 327 

aperture. where 𝐾𝑇 is defined as:  328 

𝐾𝑇 = (1 +
𝑆𝑅

𝑆
) (1 −

𝜈𝑖𝑛

𝜈𝑅
 
𝑆𝑅

𝑆
) − 2

𝑆𝑅

𝑆
(1 −

𝜈𝑜𝑢𝑡

𝜈𝑅
 
𝑆𝑅

𝑆
) 

(12) 

 329 

 330 
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4.4. Steam turbine 331 

Steam turbine was chosen for the simulation due to well fitted and commonly used in the 332 

medium scale Rankine cycle systems. The steam is stored in the steam accumulators once the 333 

charging phase is through, making it ready to be used to produce electricity. Since the inlet 334 

mass flow rate, temperature, and pressure change throughout the discharging process, it is 335 

necessary to simulate the steam turbine's part-load behaviour in order to calculate its power 336 

output [31]. By Simulink\Simscape model, electrical output can be calculated. Moreover, this 337 

model gives the rotational speed of the turbine. Therefore, two-phase turbine block is used in 338 

the model. Usually, steam plants have high- and low-pressure turbines to expand high pressure 339 

steam to low pressure by considering turbines’ pressure ranges. As this study uses one turbine, 340 

its inlet pressure is controlled to avoid lower operation pressures. The MAN power 341 

manufacturing business has advised that the lowest turbine inlet pressure should be 0.9 MPa 342 

[32, 33]. Thus, this turbine’s minimum input pressure is set at 0.9 MPa. 343 

 344 

4.6. DHW heat exchanger model 345 

The exhaust steam at the turbine exit is directed to the heat exchanger where it is converted to 346 

the liquid state by rejecting its heat to the DHW system [34]. For this model, two two-phase 347 

pipe blocks have been connected each other to simulate heat transfer. In the model, thermal 348 

resistance between the tubes is neglected but the used blocks calculate the heat transfer 349 

coefficients inside the tubes based on flow rates and tube specifications [35]. Exhaust steam 350 

side temperature, pressure and flow rate are based on the operation conditions during the day. 351 

However, DHW line uses constant flow rate which is given by hospital and the inlet 352 

temperature is tap temperature. Heat exchanger model in Simulink\Simscape for DHW heating 353 

schematic is given in Fig.6. 354 

 355 
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 356 

Fig.6. Heat exchanger model for DHW heating 357 

 358 

4.7. Condenser drum  359 

Water-cooled condenser is used in this study because it is mostly used in SRC systems which 360 

have access to consistent supply of water [36]. Similar to boiler in solar field, saturated fluid 361 

chamber is used for condenser. This time heat is rejected from the chamber and condensation 362 

is happened; all condensed water is moved to the pump if it is running. If the pump is off, 363 

condensed water is accumulated in the condenser until pump is switched on. 364 

 365 

4.8. Control strategy of the system  366 

The working fluid may reach the two-phase zone at the turbine inlet when the system is 367 

operating on a cloudy day because clouds can reduce irradiance. This may result in severe 368 

damage to the turbine blades due to the liquid impact, making the system output power unstable 369 

[28]. It is crucial to adopt a control strategy for the direct steam generation solar power system 370 

in order to make the system operate safely as well as to meet the electricity demand profile for 371 

one day. Therefore, a control system is adopted. Fig.7a illustrates the system's control method, 372 

which involves utilising a throttle valve before the turbine to regulate the flow rate in order to 373 

match the flow profile to the electricity demand profile for one day in a typical climate. Throttle 374 

valve or governor valve is a big valve at the inlet pipe of the turbine. It has the same size as 375 

inlet. After receiving a signal from governor, by using the actuator, the opening area of the 376 
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valve will change. As the size of opening changes, certain amount of steam can pass the valve. 377 

The valve can be opened or closed to any desired flow by means of a motorized operator. In 378 

this model, the signal comes from the power output and second signal comes from demand 379 

profile, then these signals compared. Based on this difference, a new signal is sent by PI 380 

controller to the throttle valve for updating area opening according to desired flow value to 381 

match demand. Fig.7b shows diagram of the turbine inlet pressure control strategy of the 382 

system.  383 

 384 

 385 

Fig.7. Diagram control strategy of the system, a) To meet electricity profile, b) To ensure 386 

turbine inlet pressure 387 

 388 

The outline work of this study by using Simulink\Simscape software is shown in Fig.8. First, 389 

the design conditions such as area of solar collectors, parameters and volume of steam 390 

accumulator was determined. The meteorological data of Murzuq city in Libya was added to 391 

the model by using EnergyPlus weather data [37] for a typical day in March. When solar 392 

irradiance is >= 300 W/m2, the valve is open, and pump runs. Water heats up to reach 393 

superheated state and charging the tank and then drives the turbine to produce electricity, and 394 

DHW from the condenser. Pressure control valve is set to be open if pressure is >=0.9MPa. 395 

Steam flows through the throttle valve and it is controlled according to a desired energy flow 396 

to match demand profile. 397 

 398 
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 399 

Fig.8. Flow chart of work in this paper 400 

 401 

5. Results and discussion 402 

In this subsection, the simulation model is built in Simulink\Simscape. Influence of solar 403 

irradiance and ambient temperature under typical climate conditions are evaluated, afterwards, 404 

hourly simulation for a typical day is conducted. As a design condition, solar irradiance and 405 

ambient temperature variation profile in Libya are considered in this study. The rest of the 406 

specifications are given in Table 1.  407 
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Table 1. Chosen parameters in the PTC-DSG solar power system 408 

Item Value 

Solar collector area (m2) 1584 

Turbine isentropic efficiency 0.85 

Isentropic efficiency of the pump 0.85 

Efficiency of the Generator 0.95 

Solar irradiance (W/m2) 350-1000 

DHW outlet temperature (℃) 40-50 

Ambient temperature (℃) 25-40 

Steam accumulator volume (m3) 160 

Length of DHW tube (m)  100 

Tube inside/outside diameter (mm) 0.03/0.1 

 409 

Solar collector array and heat storage dimensions must be calculated and established in order 410 

to provide a performance evaluation of the system. As mentioned above a typical day has been 411 

selected in this study. Fig.9 shows selected typical day in March, and it can be notice that there 412 

is variation of solar irradiance and ambient temperature levels during the day. 413 

 414 

Fig.9. Solar irradiance and ambient temperature variations profile for the selected day. 415 

 416 

The current system is designed and examined for a hospital in Libya, allowing a solar collector 417 

area of 1584 m2, which equals 120 collectors, to be chosen. A preliminary evaluation of the 418 

system determined that the pressurised steam tank volume should be 160 m3 as presented in 419 

Table 1. The system operation is based on the following strategy: daytime period starts at 07:00, 420 

the pump runs, and useful solar heat is collected by the PTC collectors to heat water to be a 421 

superheated steam state and stored in the steam accumulator, meanwhile, the turbine generates 422 
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electricity and supplies hot water to the building. The water flow rate in the solar boiler region 423 

is controlled to guarantee only superheated steam goes to the steam accumulator and the throttle 424 

valve is adjusted to match electricity demand. Moreover, this prevents excessive use of the heat 425 

source. Day time period ends at 20:00 when solar irradiance is not sufficient and night demand 426 

period starts. This period covers the main target of the study and ends in the morning. Only 427 

Rankine cycle works based on the steam stored in the accumulator and steam flow rate is 428 

controlled to satisfy the excessive demand.  429 

Fig.10 shows the variation of turbine flow rate and circulating water pump flow rate. The blue 430 

line presents mass flow rate of the pump, and it’s clear to see that this flow rate is fluctuating 431 

during the daytime, this fluctuation is because the pump is controlled based on the liquid level 432 

in the solar boiler region in order to guarantee only superheated steam goes into the 433 

accumulator. As the heat input by the solar field depends on the solar profile, the pump’s flow 434 

rate is similar to solar irradiance profile during the charging mode. During discharging mode, 435 

the pump is off as there is no solar energy. In Fig.10 the second flow rate is the steam turbine 436 

flow rate which is presented by red line, and it is measured after the throttle valve.  Since the 437 

throttle valve controls the flow of the turbine inlet, the steam flow rate is controlled according 438 

to match the demand. During the discharging mode, the flow rate seems stable at 0.09 kg/s 439 

because of the demand is constant and flow is controlled by the valve. 440 

 441 

Fig.10. Variations in the pump and turbine flow rates 442 

 443 

Fig.11 shows the energy flow rates from the solar field and to the turbine. There are two 444 

periods, time one when solar radiation is abundant and another when the system is powered by 445 

the steam accumulator. During the discharging mode, the steam accumulator supplies 210 kW 446 

of heat energy to run the turbine, to match the demand profile. However, this value during 447 

discharging mode seems stable to match energy demand because it is controlled by the throttle 448 
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valve. The energy flow rate from the solar field is directly affected by the solar irradiance 449 

pattern during the day. Thus, it varies by solar irradiance level during the daytime and it is zero 450 

when the solar energy is not available during night-time. 451 

 452 

 453 

Fig.11. Variations in the energy flow rate from solar field and to the turbine in selected day 454 

 455 

Fig.12 shows electricity demand profile and the system electricity output. Similar patterns can 456 

be seen between the system output and the energy demand, where the system control is 457 

compelled to generate the necessary electricity. The system is able to meet the hospital's energy 458 

needs all day long because the steam accumulator supplies heat at night and during ordinary 459 

weather conditions. The orange line in Fig. 12 indicates the power output without control 460 

system. The system power generation is zero during the night-time as there is no solar energy 461 

and all available heat in the steam accumulator is consumed. As a result of this consumption, 462 

pressure in the steam accumulator decreases to the set value and the valve cuts the flow. It 463 

shows that using a throttle valve is important to control energy flow rate into the turbine to 464 

match the demand. 465 

 466 
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 467 

Fig.12. Variations in the power outputs during the charging and discharging modes on the 468 

selected day. 469 

 470 

As control stagey is used by adapting the throttle valve to meet electricity demand profile for 471 

the day, Fig.13 shows dynamic response of the throttle valve area to meet electricity demand. 472 

When pressure of the steam is getting lower inside the accumulator, the valve opens to allow 473 

more flow rate to go into the turbine to match the demand. In this purpose, the valve area varies 474 

during the day considering pressure in the accumulator and the demand.  475 

 476 

 477 

Fig.13. Dynamic response of the throttle valve opening area to meet the electricity demand 478 

for the selected day 479 

 480 
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Fig.14 shows the thermal efficiency of two regions of solar collectors and the thermal 481 

efficiency of the system. The boiler region is the red line, which is higher than the superheat 482 

region. As expected, the thermal efficiency of the collectors in the boiler region is higher than 483 

the superheating region because of the lower operating temperature. It can be observed that the 484 

collector thermal efficiency increases as the solar irradiance increases and decreases with 485 

dropping solar irradiance during days with each typical climate condition. Regarding system 486 

thermal efficiency, the system has two thermal efficiency periods, one when solar irradiation 487 

is available and another when it is not, with the thermal efficiency of the system being 0.20 488 

during the discharging mode and 0.23 during the charging mode.  489 

 490 

Fig.14. Variations in thermal efficiency of the solar collector and the whole system. 491 

 492 

Fig.15 shows the temperatures of the lines on the DHW side during the day. From 1:00 to 493 

24:00, the outlet hot water temperature reaches up to 52 °C, presented by the red line. The flow 494 

rate is kept constant as the hospital requires 4.2 kg/s DHW. The orange line is the inlet turbine 495 

temperature in charging and discharging mode during the day. The blue line indicates a tap 496 

source temperature before it enters the DHW system.  497 
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 498 

Fig.15. Variations in the outlet temperature in DHW during the charging and discharging 499 

modes. 500 

Fig. 16 shows the liquid and vapor masses in the storage during the day. The vapor mass in the 501 

accumulator reaches 4,000 kg in the evening because the energy is charged in the storage for 502 

night operation. Thus, the amount of vapour mass is totally related to solar energy availability 503 

and power output of the system. Vapour mass increases in the daytime period due to the good 504 

solar radiation level on the day. Due to the lack of steam production at night and the condensed 505 

water's return to the steam accumulator, it appears that the liquid level rises. Steam 506 

accumulator's other purpose is to maintain the system's safety and prevent the turbine from 507 

being harmed because when the fluid at two-phase enters the turbine it may severely damages 508 

the turbine blades, causing instability in the system's output power.  509 

  510 

Fig.16. Variations in the mass of stored vapour and liquid of the steam accumulator. 511 
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Fig.17 shows the performance of the system for five days. Firstly, weather data is given in Fig. 512 

17a. The first day is the selected day for one-day simulations, but the remaining days are 513 

following real weather data. The system is sensitive to initial conditions for a one-day 514 

simulation, however, on consecutive days, the importance of initial conditions is lower. It is 515 

good to test the system's control and its effects on the operating parameters. 516 

Fig. 17b shows pressure in the steam accumulator for given consecutive days. Since the system 517 

is designed to provide the required electricity on a moderate and cloudy day, the advantage of 518 

the steam accumulator is seen here. The result of constant power output is seen in the stored 519 

steam pressure. Because the second, third and fourth days have better solar irradiance levels 520 

despite the constant output, in this way unused energy is stored in the steam accumulator. This 521 

stored steam would be used in the day when solar irradiance is not enough to provide the 522 

required electricity. 523 

Fig. 17c shows the power outputs of controlled and uncontrolled operations. As the system 524 

control is forced to produce the required electricity the trend is quite similar to the energy 525 

demand. Thanks to the steam accumulator providing high-pressure steam during solar 526 

irradiance variations and during the night, the system can match the energy demand of the 527 

hospital throughout the day. It can be seen that the orange line presents uncontrolled system 528 

and it is not matching the demand profile, overproduction is observed during day time and the 529 

system cannot produce electricity at night as it consumes solar energy. 530 

 531 

a) Solar irradiance data for 5 days 532 
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 533 

b) Steam accumulator pressure variation for 5 days 534 

 535 

 536 

c) Power output for controlled and uncontrolled cases 537 

 538 

Fig.17. Variation of solar data, accumulator pressure and power output for five days of 539 

operation  540 

 541 

6. Conclusion  542 

In this study, the performance of the direct steam generation solar power system powered by 543 

parabolic trough collectors and coupled with a steam accumulator as a heat storage unit and 544 

also a domestic hot water (DHW) system to meet the electricity and hot water requirements of 545 

a Libyan hospital was dynamically simulated via using Simulink\Simscape software. The 546 
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system was designed and evaluated by controlling the inlet pressure of the steam turbine and 547 

also the flow rate of water circulation pump. The main conclusions can be drawn as follows: 548 

• With using a steam accumulator and controlling the inlet pressure of turbine, the power 549 

out of the DSG solar power system can match the electricity demand profile of a 550 

hospital under typical Libyan climate conditions. 551 

• The thermal efficiency of system reached to 0.23 when solar irradiance is the highest 552 

at the noon and 0.20 when the system works with only the stored steam from the steam 553 

accumulator. 554 

• Simulink\Simscape is a convenient superior tool in constructing the model of advanced 555 

solar power system and simulating its dynamic performance over a long period. 556 

  557 
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