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Abstract  23 

This study investigated the feasibility of integration of concentrated solar power (CSP) to 24 

low-rank coal pyrolysis process from the economic and technical perspective. Upon a robust 25 

design of four different scenarios for the process integration, the effects of a variety of key 26 

variables have been examined, including different types of solar collectors, heat transfer 27 

fluids (HTF) and pyrolysis temperature. The plant operation analysis showed that integrating 28 

solar tower (ST) to provide heat for both coal drying and pyrolysis within the plant can save 29 

an average of 12.8% of the annual thermal energy demand. For the optimum solar tower 30 

design, it requires a solar multiple of 2, using carbonate salts as HTF, a design point DNI of 31 

750 W/m2 and a heat storage capacity of 8 h to maximize its total solar energy output over a 32 

year. However, from an economical perspective, the use of solar tower for both drying and 33 

pyrolysis is economically infeasible. Instead, the parabolic trough solar collectors (PTC) 34 

designed to cover the heat required for coal drying only is most economically viable. It even 35 

shows a slightly better economic performance than the conventional pyrolysis process. The 36 

parabolic trough solar system assisted pyrolysis process has the potential to reach a high net 37 

present value (NPV) of $81.1 million and a short payback period of 4.9 years, relative to an 38 

NPV of $52.8 million and a payback period of 5.1 years for the conventional pyrolysis 39 

process.  40 

Keywords  41 

Low-rank coal, concentrated solar power, solar thermal-aided pyrolysis, techno-economic 42 

analysis. 43 

 44 

 45 
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1. Introduction  46 

The utilization of renewable energies such as solar thermal energy is a promising way to 47 

reduce CO2 emissions from the power generation and other energy-intensive industrial 48 

processes [1, 2]. In general, the concentrated solar power (CSP) technologies use the entire 49 

solar spectrum to provide a source of high-temperature process heat in the range of 500-50 

2000°C that are employed to produce power, fuels and chemicals [3]. According to the 51 

International Energy Agency (IEA), fossil fuels continue to dominate heat supplies, while 52 

renewable energy met only 10% of the global industrial heat demand in 2018 [4]. A quick 53 

and easy transition from fossil fuel to renewable energies or bio-based energies is unlikely 54 

foreseeable in the near future. Instead, the hybridization of renewable energies with the 55 

existing fossil fuel reliant processes provides an economically viable option in the transition 56 

period [5]. 57 

 58 

In this paper, we aim to elaborate the feasility of integrating CSP into an existing proess for 59 

the pyrolysis of Victoria brown coal (VBC), the cheap and abundant resource in the state of 60 

Victoria, Australia [6]. Compared to combustion, pyrolysis bears a low CO2 emission rate, 61 

and a high flexibility in the provision of multi-products including solid char, liquid fuel, and 62 

even syn-gas [7]. Apart from the two units including drying and pyrolysis, most of the 63 

downstream upgrading units are also highly endothermic, requiring a large energy input 64 

which is usually generated from the on-site combustion of a portion of the feedstock and/or 65 

products including char, liquid bio-oil or pyrolysis gas. This in turn reduces the producr yield 66 

and increases the unit emission amount of CO2 [8, 9]. Alternatively, the integration of solar 67 

energy into the pyrolysis process is expected to overcome these problems [10]. In addition, it 68 
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assits in the storage of intermittent solar thermal energy in the form of transportable fuels 69 

derived from the pyrolysis process [11].  70 

 71 

To date, the integration of solar system into pyrolysis has been researched, most of which are 72 

concerned for the high cost and intermittent solar radiation affected by cloud and rain [12]. 73 

From the technical perspective, researches have also been conducted to assess the use of solar 74 

concentrator to provide heat input to a receiver acting as a pyrolysis reactor for different 75 

biomass feedstocks [9, 13-23], coal [24], scrap rubber [25] and plastic wastes [26]. In these 76 

studies, the direct solar insolation is concentrated and redirected to the pyrolytic reactor by a 77 

solar concentrator mainly parabolic dishes or Fresnel lenses that only can attain medium and 78 

low temperatures in the pyrolysis reactors (up to 600°C) [27]. Hence, the temperature for 79 

pyrolysis highly depends on the availability of the sunlight [14, 28], the average temperature 80 

range of the solar concentrator, and even limited by contamination of the glass tube or 81 

window [29]. In addition, the intermittence of solar energy would result in an unstable 82 

product quality and yields that in turn affect the downstream units [30]. For instance, upon 83 

the use of a solar biomass pyrolysis system in a Linear Fresnel Reflector (LFR), the 84 

simulation results have confirmed a maximum char yield of 40.8 wt% on a typical 85 

metrological day in Seville, Spain. However, the annual average char yield only reaches 10.1 86 

wt% in the case that the influence of irradiance level variation is taken into account [28]. 87 

Some studies have further considered the intermittent nature of the solar energy on a hourly 88 

basis, for the studies on power generation [31-33] or gasification [29, 34-36]. Zeaiter et al. 89 

took an integrated approach to simulate a waste tyre pyrolysis process integrated with CSP 90 

using linear Fresnel reflectors technology. They concluded that solar energy in Lebanon can 91 

provide on average 47.14% of the annual energy demands on the pyrolysis reactor [37]. 92 

However, the feasibility of this design from an economical point of view is a question. 93 

https://www.sciencedirect.com/topics/engineering/linear-fresnel-reflector
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 94 

To the best of our knowledge, there is still lack of study investigating the incorporation of 95 

CSP into a hybrid low-rank coal drying-pyrolysis process that utilizes a high temperature 96 

pyrolysis process in the range of 600-800°C. Compared to biomass, low-rank coal is much 97 

more abundant and stable across the world. It is thus significant to address how to use this 98 

resource in a low-emission manner in the future carbon-constrained world. 99 

 100 

The focl point of this study is on the integration of CSP into the pyrolysis of VBC for the heat 101 

provision to two energy-intensive units, dryer and pyrolysis reactor. Two different pyrolysis 102 

temperatures of 600°C and 800°C, and two different CSP systems including parabolic trough 103 

collectors (PTC) and solar tower (ST) were considered. In addition, three different simulation 104 

tools have been coupled synergistically to eloaborate the optimum configuration of the CSP 105 

systems in terms of its integration with the pyrolysis process. Upon the design of different 106 

alternatives to the CSP system and sensitivity analyses, the most favorable design from 107 

economical and technical points of view was designed, which has the potential for a 108 

deployment in the future. 109 

 110 

2. Modeling Approach 111 

2.1 Simulation flowsheet 112 

In this study, three different simulation platforms were integrated for the modeling, as shown 113 

in Figure 2. The simulation starts with the calculation of the hourly absolute efficiency of the 114 

solar receiver in MATLAB. The incident solar irradiation, receiver characteristics and 115 

geographic location were used as an input into MATLAB Daily performance modeling file, 116 



6 
 

generating three key outputs for the solar system, including absolute efficiency, available 117 

solar radiation and the daily radiation. Subsequently, these outputs were used as inputs into 118 

the System Advisor Model (SAM) software. Besides, to assist in specifying the details of the 119 

solar plant in SAM, the total energy required for the dryer and pyrolysis reactor were 120 

retrieved from the conventional pyrolysis process modeling in Aspen Plus. The key outputs 121 

determined from SAM include characteristics of the receiver and collector, and cost of the 122 

solar plant. In the next step, the annual solar energy available calculated by SAM was used as 123 

an input into the modified hybrid system. Aspen Plus flowsheet was used to finalize the 124 

specifications of the hybrid plant such as product yields, auxiliary power required and also 125 

cost of the process excluding the solar system. The details of each modeling approach are 126 

provided later.  127 
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 128 

Figure 1 Simulation flowchart of the integrated pyrolysis process 129 

 130 

2.2 VBC pyrolysis flowsheet in Aspen Plus  131 

The VBC conventional pyrolysis process flowsheet built in Aspen Plus V 9.0 in our previous 132 

work [38] was used as an input. In brief, the virtual plant is designed to treat 70.6 t/h of wet 133 

VBC with an initial moisture content of 65 wt% through drying, briquetting, pyrolysis and 134 

downstream treatment in sequence. The energy required for the dryer and pyrolyser was 135 

supplied through burning a portion of syn-gas derived from the pyrolysis, dryer dust together 136 

with the loose particles remained from the briquetting process. Note that, the moisture 137 

content in coal is supposed to drop from 65% to 15% in an indirect rotary drum dryer with 138 

the coal outlet temperature of around 120°C. The pyrolysor in supposed to have two typical 139 
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temperatures, 600°C and 800°C. The former temperature is benefitical in maximising the 140 

liquid oil yield, whilst the latter one facilitates the syn-gas yield. 141 

 142 

In a hybridized solar pyrolysis process, the concentrated solar energy acts as the main heating 143 

source to drive the pyrolysis process [39]. In addition to heating the pyrolyser which is the 144 

largest energy consumer in the process, solar energy is also utilized to dry the coal before 145 

passing through the pyrolysis reactor. The energy demands for the entire pyrolysis processes 146 

are listed in Table 1, which are extracted from the Aspen Plus simulation and used as a basis 147 

for the design of the CSP system. Note that, a back-up power is employed to run the pyrolysis 148 

process continuously when solar energy is not sufficient. The block-flow diagram of the 149 

hybrid process is depicted in Figure 2. The raw coal composition and the production yields of 150 

the conventional pyrolysis process at 800°C for the best-case scenario are presented in Table 151 

S1 [38] in the Supporting Information (SI). The details of the Aspen Plus model modification 152 

is also explained in the SI. 153 

Table 1 Annual energy demand for the dryer and pyrolysis reactor 154 

Equipment 
Annual Thermal Energy 

required (MWh) 

Annual Thermal Energy 

required (MWh/t raw coal) 

Dryer 32.8 0.47 

pyrolysis reactor (600°C) 13.9 0.2 

pyrolysis reactor (800°C) 37.9 0.54 

 155 
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 156 

Figure 2 Block flow diagram of the integrated pyrolysis process 157 

 158 

2.3  System Advisor Model (SAM) simulation  159 

The SAM program developed by the National Renewable Energy Laboratory (NREL) was 160 

employed for the design of the solar thermal plant. In this study, SAM was used to simulate 161 

the solar thermal system over one entire year to accommodate the seasonal change on 162 

temperature. The change on temperature has a subsequent effect on the irradiated heat to be 163 

received by the CSP system and then its energy output. SAM calculates the solar field energy 164 

output on an hourly basis, which was subsequently summed across an entire year to 165 

determine the annual solar field energy output. It is used as a measure to compare the 166 

performance of each scenario.   167 
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 168 

2.3.1 Site Location 169 

The Australian continent has the highest unit of solar radiation per square meter [40]. Solar 170 

energy resources are greater in the deserts in the northwest and central areas. However, 171 

harvesting solar energy in these two areas requires a high investment in transmission 172 

infrastructure [41]. For this research, Melbourne located in the southeast of Australia was 173 

selected as the reference site, considering that it houses abundant Victorian brown coal [42]. 174 

The weather file data for Melbourne is available in the SAM database, providing 175 

comprehensive hourly data for a whole year. The climatological data for this location is 176 

summarized in Table S2.   177 

 178 

2.3.2 Solar Plant Design  179 

2.3.2.1 Receiver and collector  180 

Two common designs of the CSP solar systems are parabolic trough collectors (PTC) and 181 

solar tower (ST) [43]. The PTC is the most proven cost-effective technology using a heat 182 

transfer fluid (HTF) to collect heat energy from the sun [44]. The focal line temperature of 183 

the PTC receiver can be as high as 350-400°C [45], or even higher such as 550°C [46]. In this 184 

study, the Sky Fuel Sky Trough Collector Model with 80 mm OD receiver is selected for the 185 

design [47]. In contrast to the PTC system, an ST system can deliver a higher receiver 186 

temperature such as 500 – 1000°C [48] and a higher thermodynamic efficiency depending on 187 

the primary heat transfer fluid [49]. A higher operating temperature up to 1500°C has been 188 

reported in the literature [46]. An array of slightly concave mirrors called heliostats focuses 189 

the solar radiation onto an elevated central tower. To maximize the concentration ratio and to 190 
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decrease the solar energy loss, a secondary reflector is located at the top of the tower to re-191 

transmit radiation from the heliostat field to the receiver [50]. 192 

The solar tower can also be complemented with a thermal storage system (TES), which in 193 

turn decrease the fluctuation of the operation of the entire process with the variation of the 194 

solar radiation [2].  195 

 196 

Considering the above-mentioned limits for the two different solar systems, four different 197 

scenarios have been considered in this study, including: 198 

1- Using PTC only as the heat source to integrate a direct steam generation (DSG) 199 

system into the coal dryer, while burning a portion of pyrolysis gas to provide heat for 200 

the pyrolysis reactor;  201 

2- Using PTC only as the heat source to heat molten salt for the coal dryer, while 202 

burning a portion of pyrolysis gas to maintain the pyrolyser; 203 

3- Using ST as the heating source for both dryer and pyrolysis reactor at 600°C; and 204 

4- Using ST as the heating source for both dryer and pyrolysis reactor at 800°C. 205 

 206 

For the first two scenarios shown in Figure 3a, a PTC is used to heat the water/molten salt 207 

through the reflection of the solar rays on the absorber tube/receiver. Afterwards, the hot 208 

HTF, steam or molten salt is pumped to the coal dryer. HTF is finally circulated back to the 209 

receiver once the drying duty is achieved. For the last two scenarios shown in panel b, a solar 210 

tower system with two storage tanks is employed, consisting of a heliostat field, a receiver, a 211 

storage system and a tower [2]. The biaxial tracked heliostats reflect the solar radiation onto 212 

the central receiver installed on top of the solar tower. In this design, the HTF is pumped 213 

from the cold storage tank to the evacuated receiver tubes which are heated up in the solar 214 
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system. The heated HTF then flows through both the dryer and the pyrolysis reactor. The 215 

finally cold molten salt is recirculated to the cold salt tank.  216 

 217 

 218 

Figure 3 a) The Parabolic trough collector system utilized for acenarios 1 and 2 and b) Solar 

tower system used to design Scenario 3 and 4  
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 219 

2.3.2.2 HTF in the ST system 220 

The heat transfer fluid is a key feature of the design as it requires unique properties such as 221 

high thermal storage density [37], an excellent heat transfer rate and long-term durability 222 

[45]. Water/steam is ideal when power generation is the design purpose, whilst liquid sodium, 223 

oil or molten salts is preferened when heat storage is required [50]. Out of the different types 224 

of liquid and solid-state heat storage materials, molten salts are the ideal materials in a solar 225 

power plant [51]. Among the different types of molten salts, carbonate salts show wide 226 

working temperature (450-850°C) [45, 48], which are thus selected in this study. Table 2 227 

presents the assumptions and specifications used in the SAM system for the four scenarios. 228 

The design point represents the direct normal irradiance available at the plant location. The 229 

direct irradiance received on a plane normal to the sun is called direct normal irradiance (DNI) 230 

[52]. SAM uses a default value of 950 W/m2 which corresponds to the sun position at noon 231 

on the summer solstice. The target solar multiple is a design ratio of heat sink power to the 232 

target receiver thermal power which is the amount of thermal energy received at the receiver 233 

outlet [53]. For scenarios 1 and 2, since there is not any potential for energy storage, the solar 234 

multiple of 1 was selected; while for scenarios 3 and 4, the solar multiple was set at the 235 

default value of 1.4 in the SAM. The target receiver thermal power values entered to the 236 

model are adopted from Table 1, according to the solar thermal requirement of each scenario. 237 

Loop inlet and outlet HTF temperatures refer to the inlet and outlet temperature of the HTF 238 

entering and exiting the loop at the design point. Pressurized water and Hitec solar salt were 239 

selected as HTF for scenarios 1 and 2 respectively and the operating temperature range of the 240 

HTF was adopted from the SAM. For scenarios 3 and 4, the HTF inlet and outlet temperature 241 

were chosen from the operating temperature range (from the melting temperature to the 242 

boiling temperature) of the carbonate salt [48].  243 
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Table 2 The assumptions and justifications used to design the four scenarios 244 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Design point DNI (kW/m2) 950 950 950 950 

Target solar multiple  1 1 1.4 1.4 

Heat sink power (MW) 32.8 32.8   

Target receiver thermal 

power (MW) 
32.8 32.8 46.7 70.7 

Energy Storage (h) No No 1 h  

HTF  
Pressurized 

water  

Hitec Solar Salt 

(NaNO3-NaNO2-KNO3) 

Carbonate Salts  

(Li2CO3-Na2CO3-K2CO3) 

Loop inlet HTF 

temperature (°C) 
120 238 550 

Loop outlet HTF 
temperature (°C) 

180 529 821 

 245 

2.4 Daily Performance Modeling  246 

The daily performance of the plant as the starting point in Figure 1 was modelled in 247 

MATLAB to calculate the absolute efficiency (ɳabsolute). The absolute efficiency is a measure 248 

to indicate the overall efficiency of a CSP system by taking into account several factors such 249 

as mirror cleanliness, reflectivity, shadow effects and incident angle. The detailed calculation 250 

procedure is explained in the SI.  251 

 252 

2.5 Cost calculation methodology  253 

Cost can be calculated by different measures, and each way of accounting for the cost of CSP 254 

bring its own insights [54] The analysis of cost can be very detailed but for comparison 255 

purposes, the approach used here is a simplified one. Although every effort has been made to 256 

give a realistic price, the rapid growth of renewable energy market, makes analysing the cost 257 

of CSP technologies challenging [54]. In this study, Levelized cost of Energy (LCOE) and 258 

Net Present Value (NPV) analysis have been used as cost indicators. LCOE that can be used 259 
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as an economic measure for both CSP and photovoltaic system (PV) is calculated by equation 260 

1 shown below: 261 

 262 

 

                                                         (1) 

  

Where FCR refers to a fixed charge rate, CC for capital cost and FOC for the fixed operating 263 

cost. The solar field annual thermal energy output is derived from SAM in MWh and the 264 

LCOE is reported in A$/MWh. The cost of energy production from the solar field per unit of 265 

thermal energy can be compared with other sources of energy. LCOE allows us to compare 266 

the different technologies of unequal life spans, project size, capital cost, risk, return, and 267 

capacities [55]. 268 

 269 

In addition to the LCOE as a measure to compare the different scenarios, Aspen Process 270 

Economic Analyzer and a cost estimation methodology developed by the Commonwealth 271 

Scientific and Industrial Research Organization (CSIRO) [56] were used to evaluate the 272 

capital cost and operating cost of the pyrolysis process excluding the solar system. The 273 

detailed assumptions and methodology for the cost calculation are explained in our 274 

previously published papers [38, 57]. The operating cost and capital cost of the solar system 275 

were derived from the SAM software. Operating cost of the pyrolysis plant was calculated as 276 

the summation of raw materials, utilities, total fixed charges, depreciation and capital. 277 

 278 

3. Results and discussions 279 

3.1 Daily performance modeling results  280 
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The 3-D results of the MATLAB modeling for a typical solar filed on a daily basis is 281 

presented in Figure 4. Panel a shows the DNI values derived from the NREL weather file data 282 

and Panel b shows the DII values after applying the efficiency factors on DNI. As expected, 283 

there is an increase in both DNI and DII from morning to the noon at around 12-1 pm and then 284 

decline in the beam irradiance from noon to the sunset for each day. However, there is a 285 

broad variation from day to day, as demonstrated by a sharp decline of both DII and DNI from 286 

the start of the year (January) to the middle of the year (June), and then increase again until 287 

the end of the year (December).  288 

 289 

Figure 4 Daily performance modeling of a typical solar plant in Melbourne for 365 days and 290 

24 hours of the day a) DNI and b) DII 291 

   292 

The maximum irradiance for the DNI and DII values are 729 W/m2 and 266 W/m2, 293 

respectively, while the maximum value is only 0.72 for the absolute efficiency calculated by 294 

the MATLAB file. The reason for the slight difference in the DII and DNI trends is related to 295 

the strong effect of absolute efficiency which is low from 9 am to 4 pm.  296 

 297 

3.2 SAM simulation results  298 

3.2.1 System design output  299 
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Table 3 summarizes the system design output for the four design scenarios based on the SAM 300 

software. The PTC design for both scenarios 1 and 2 requires a loop number of 19, and a total 301 

aperture reflective area of 49,856 m2 for both solar fields used for the coal drying only. This 302 

number was calculated based on the aperture reflective area of a single collector multiplied 303 

by the number of loops. The actual solar multiple of 1.01 found here is also close to the 304 

default value of 1 in the software system. A loop optical efficiency of 0.72 was found for 305 

both scenarios. This value was determined by the efficiency of collectors and receivers, 306 

whereas the thermal loss from the piping and the receivers was ignored here. The length of a 307 

collector single module for both scenarios was calculated to be around 14.4 m that are a 308 

standard size for Sky Fuel Sky Trough collectors [47].  309 

Table 3 The design output from SAM for four different scenarios 310 

 Scenario 1 Scenario 2  Scenario 3 Scenario 4 

Type of system  PTC  PTC  Type of system  ST ST 

Actual number of loops  19 19 Receiver height (m) 6.71 7.75 

total aperture reflective area 

(m2)  
49,856 49,856 Receiver diameter (m) 5.8 7.3 

Actual solar multiple  1.01 1.01 Tower height (m) 68.3 81 

Loop optical efficiency  0.7218 0.7218 Heliostat count  846 1272 

Length of a collector single 

module (m) 
14.375 14.375 Single heliostat area (m2) 144.4 144.4 

   Storage tank volume (m3) 232 331 

 311 

Regarding scenarios 3 and 4, using ST as the energy concentrator, their optimized receiver 312 

and heliostat layouts are presented in Figure 5 to supplement the dimension data in Table 3. 313 

As can be seen from both Table 3 and Figure 5, the receiver at the top of the tower is located 314 

in the center of a circle and the heliostats which are square mirrors with a surface area of 315 

144.4 m2, are dispersed on concentric circles. The solar field in scenario 4 is larger in the 316 

dimensions, due to the larger energy requirement for the high-temperature pyrolysis reactor. 317 

Compared to the receiver with a dimension of 6.71 m high and 5.8 m of diameter in scenario 318 

3, the receiver in scenario 4 reaches 7.75 m high and 7.3 m of the diameter. The tower is also 319 



18 
 

much taller in scenario 4, reaching 81 m in comparison to 68.3 m for scenario 3. The number 320 

of heliostats accounts for 846 in scenario 3, which is smaller than scenario 4 requiring 1272. 321 

In terms of the HTF storage tank volume, it is around 232 m3 for scenario 3, relative to 331 322 

m3 for scenario 4 to accommodate the excess energy requirement.  323 

b)a)

 324 

Figure 5 Optmized heliostat layout for a) Scenario 3 and b) Scenario 4 325 

 326 

3.2.2 Solar field thermal energy output and input to the Aspen Plus  327 

The solar field thermal energy output from the SAM simulation results was used as an input 328 

into the Aspen Plus model. This value is required to calculate the product yields and the 329 

backup power required.  The process flowsheet for the four scenarios designed in Aspen Plus 330 

is shown in Error! Reference source not found.. To achieve the desired inlet and outlet 331 

HTF temperatures, the HTF flow rate was adjusted and backup power was added to the 332 

system once the solar thermal energy did not meet the target energy.  333 
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Figure 6 The integration of the CSP into Aspen Plus design for  a) Scenario 1-using DSG for dryer only b) scenario 2-using molten salt for dryer 3 

only, c) scenario 3-using molten salt for both dryer and pyrolysis at 600°C and d) scenario 4-using molten salt for dryer and pyrolyser at 800°C4 
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In scenario 1, boiler feed water with a temperature of 120°C and pressure of 0.3 MPa is 5 

pumped to the solar receiver. It was further heated to 180°C and pressurized to 0.4MPa upon 6 

receiving the solar heat. From the simulation and based on the target energy required, the 7 

maximum inlet flow rate of the boiler feedwater is 13.75 kg/s. This happens when the solar 8 

energy output is enough to heat the dryer to the desired temperature. In the direct steam 9 

generation unit, the steam produced is pumped directly to the dryer. Since no solar heat is 10 

provided for the pyrolyser, approximately 28% of the pyrolysis gas product (mainly CO, CH4 11 

and H2) has to be consumed by the pyrolysis reactor. Therefore, the net gas product yield for 12 

this scenario is only 7.2 t/h.  However, this value is higher than the reference case with a gas 13 

yield of only 4.11 t/h [38] due to the consumption of pyrolysis gas for both coal dryer and 14 

pyrolysis reactor in the reference case. Scenario 2 is almost the same as scenario 1 in terms of 15 

energy supply for the pyrolysis reactor. The only exception is that the maximum flow rate of 16 

the HTF entering the loop has to reach 59.5 kg/supply, due to providing energy for the dryer. 17 

This is almost four times larger than steam. Scenario 3 models a pyrolysis process at a low 18 

operating temperature of 600°C. Since the pyrolysis process is sensitive to the temperature, 19 

the amount and the composition of the pyrolysis gas is changed [58]. Although no pyrolysis 20 

gas is required to supply the heat for the pyrolysis reactor, the amount of pyrolysis gas left as 21 

a product is only 6.9 t/h, compared to the scenario 1 and 2 where a higher temperature of 22 

800oC is employed to devolatilize more coal into liquid products [58]. The maximum inlet 23 

flow rate of HTF was increased to 92 kg/s for scenario 3, and further to 126.5 kg/s for 24 

scenario 4, due to the provision of energy to both dryer and coal pyrolyser which is more than 25 

scenario 1 and 2. As a return, the yield of gas product is maximized in scenario 4 because no 26 

pyrolysis gas is consumed and the high pyrolysis temperature favors coal devolatilization.  27 

 28 
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The summary of the design parameters achieved from Aspen Plus together with the total 29 

thermal energy required (from Aspen Plus) and the annual solar field thermal energy output 30 

(from SAM) for all of the four scenarios are presented in Table 4. The percentage of solar 31 

thermal contribution for each scenario was calculated by dividing the annual solar field 32 

thermal energy output by the total thermal energy required.  The resultant numbers are also 33 

included in Table 4. The annual solar field thermal energy output for scenario 4 is the largest 34 

among the four scenarios. For this scenario, around 12.82% of the total thermal energy 35 

required needs to be supplied from the designed solar system. Scenario 3 is the second largest 36 

for an annual solar field thermal energy output with 51.3 GWh to replace the thermal energy. 37 

The designed system for scenario 3 can contribute to 12.5% of the total thermal energy 38 

required. Scenario 1 is the third largest solar thermal supplier with 33.2 GWh of thermal 39 

energy, demonstrating the preference of steam over molten salt (scenario 2) for the drying 40 

unit. The system designed under scenario 1 can replace 11.56% of the total thermal energy 41 

required for a whole year, while scenario 2 with molten salt can only substitute 9.96% of the 42 

total thermal energy required. The monthly breakdown of the solar power supply for each 43 

scenario is further demonstrated in Figure 7. Regardless of the design scenario, there is a 44 

drastic change in the solar thermal power output upon the variation of the season. In the 45 

warmest and coldest months of a year, approximately 7 MW and 0.5 MW of solar power can 46 

be harvested respectively for scenario 1, which is equivalent to 21.3% and 1.6% of the total 47 

power required for the overall process. For scenario 2, the contribution of the warmest month 48 

reaches 6.3 MW, which drops significantly to only 0.2 MW of solar power in the coldest 49 

weather. DSG enables the implementation of a high steam temperature with a capacity to use 50 

the latent heat of the steam. This leads to a better cycle efficiency compared to molten salt 51 

[59, 60]. Scenarios 4 shows the best performance with 15.5 MW for January and 1.6 MW for 52 
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June which is slightly higher than scenario 3 with 10 MW and 1.0 MW for January and June, 53 

respectively.  54 

 55 

Table 4 Solar system performance for the four designed scenarios derived from Aspen Plus and SAM 56 

 scenario 1 scenario 2 scenario 3 scenario 4 

HTF maximum Flow rate (kg/s) 13.75 59.5 92 126.5 

Extra coal gas required for the pyrolysis reactor 28% 28% No No 

Amount of coal gas left as a product (t/h) 7.2 7.2 6.9 10 

The total thermal energy required (GWh) 287 287 410 620 

Annual solar field thermal energy output (GWh) 33.2 28.6 51.3 79.4 

Percentage of solar thermal contribution (%) 11.56 9.96 12.53 12.82 

 57 
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 58 

Figure 7 The average monthly break-down of the solar thermal power production for the four 59 

designed scenarios 60 

3.3 Solar Field Cost Analysis  61 

Figure 8 depicts the LCOE produced by the solar field through four designed scenarios, as 62 

compared with the other sources of energy production in Australian Dollar per Mega Watts 63 

hour of thermal energy (A$/MWh). 64 
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 65 

Figure 8 Comparison of the levelized cost of energy (LCOE) for four designed scenarios 66 

with other sources of energy (GCC: Gas combined cycle, PTC: Parabolic Trough collector 67 

and ST: Solar tower) 68 

 69 

The LCOE of the solar field for Scenario 1 is the least with an LCOE of only A$101/MWh. 70 

Scenario 2 is slightly higher than scenario 1, reaching A$117 per MWh of the power 71 

produced. Scenario 3 is the most expensive scenario with A$178.1/MWh whilst scenario 4 72 

exhibits a slightly lower LCOE of A$159.5/MWh. The LCOE of the two types of solar 73 

receivers investigated in this study is also comparable with that has been reported elsewhere 74 

[61].  Scenario 1 and 2 comprising PTC is located at the lower end of the LCOE bar chart of 75 

the reference ST with a price range of A$98-181/MWh [61]. However, the other two 76 

scenarios of 3 and 4 utilizing ST are located at the high end of the bar chart, demonstrating a 77 

high cost for these two CSP systems. The LCOE for all the four scenarios is also larger than 78 

the other energy systems including a gas combined cycle (GCC) of around A$42-78/MWh 79 

only, a coal-based power plant of $60 to 143/MWh, and a natural gas power plant varying 80 

between A$68 and $106/MWh. 81 
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 82 

3.4 Sensitivity Analyses    83 

The sensitivity analysis was performed to find the optimum design conditions for scenario 4 84 

considering that it is the most comprehensive option and the most probable design to be 85 

implemented in the industry. The parameters assessed include solar multiple, design value 86 

input DNI and the thermal energy storage time.  87 

 88 

3.4.1 Effect of design point DNI  89 

The change of design point DNI is expected to alter the total solar thermal energy produced by 90 

the solar field. The effect of a change in the design point DNI on the solar energy amount of 91 

scenario 4 and its LCOE is presented in Figure 9. With decreasing the design point DNI from 92 

950 to 750 W/m2, the total solar field thermal energy output is increased from 79.4 to 99.7 93 

GWh. In the meanwhile, the LCOE is decreased from A$159.5/MWh to A$133.5/MWh. 94 

Although the capital cost is increased with the addition of more heliostats and a larger field 95 

area to accommodate a larger solar energy production, the LCOE is decreased. The main 96 

reason is because of the production of more solar thermal energy from the system with a 97 

lower design point DNI of 750 W/m2. Since the annual average irradiation in Melbourne is 98 

around 750 W/m2 over the year, the decrease in the design point DNI to 750 W/m2 is 99 

beneficial for the local solar field design.   100 
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 101 

Figure 9 The effect of a change in the design point DNI on the annual solar thermal energy 102 

output and also LCOE for scenario 4 103 

 104 

3.4.2 Effect of Solar Multiple 105 

The SAM software sets a default value of 1.4 as the solar multiple for a solar thermal tower.  106 

Increasing the solar multiple results in a solar field that causes an increase in the solar field 107 

aperture area and header pipe length. Hence, a larger HTF temperature can be achieved [47]. 108 

This, in turn, results in an increased workload for the solar field and the generation of more 109 

solar thermal energy output. The sensitivity assessment results for the effect of solar multiple 110 

are summarized in Figure 10. With increasing the solar multiple from 1 to 3, the total annual 111 

solar field thermal energy output from the designed solar field is nearly doubled. The rate of 112 

the increase is more significant for the solar multiple values smaller than 2, compared to the 113 

values larger than 2. When the solar multiple increases from 2.2 to 3, the total solar thermal 114 

energy produced by the solar system increase from 126 to 137.4 GWh. Meanwhile, with the 115 

increase in the solar multiple from 1 to 1.4, the LCOE decreases significantly. However, the 116 

rate of decrement decreases upon the further increase in the solar multiple, reaching its 117 
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minimum at a solar multiple of 2. The reason is that the increase in capital cost for a larger 118 

plant overweighs the solar energy produced after the solar multiple values of two. Hence the 119 

solar multiple of two is the optimum value for the designed solar system.  120 
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 121 

Figure 10 The effect of a change in the solar multiple (SM) on the annual solar thermal 122 

energy output and also LCOE for scenario 4 123 

 124 

3.4.3 Effect of thermal energy storage duration  125 

The TES is a way to store solar energy in a liquid medium to be used during the periods of no 126 

or low sunlight [62, 63]. The number of hours of storage duration is thus an important 127 

parameter affecting the volume of the storage tank and its TES capacity [64]. For a sensitivity 128 

analysis purpose, the TES period was changed from 1 hour in the base case to 10 h of storage. 129 

The sensitivity assessment results are presented in Figure 11. As can be seen, the annual solar 130 

field thermal energy output increases from 121 to 150 GWh upon a rise in the TES duration 131 

from 1 h to 6 h. Upon a further increase to 8 h, the amount of total thermal energy output is 132 

only increased slightly to 154.5 GWh. Meanwhile, the LCOE decreases from A$125.3/MWh 133 
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to A$103/MWh. Both the LCOE and the total thermal energy produced remain constant upon 134 

the further increase in the storage duration. An 8 h - long storage is optimum for the designed 135 

system.  136 

 137 

Figure 11 The effect of thermal energy hours of storage on the annual solar thermal energy 138 

output and also LCOE for scenario 4 139 

  140 

3.5 The cost of the overall solar-assisted pyrolysis process  141 

From the above sensitivity analyses, the design point DNI of 750 W/m2, a solar multiple of 2 142 

and the energy storage of 8 h can be concluded as the optimized design parameters for 143 

scenario 4. Based on these optimum values, the preliminary capital and operating costs for 144 

scenarios 4 and scenario 1 are further calculated and presented in Table 5 and Table 6, 145 

respectively. The capital cost is the summation of all the purchased costs from the pyrolysis 146 

unit and the solar field. The results show a total investment of $113.4 million for a pyrolysis 147 

plant utilising 70.6 t/h of wet coal in the case of using solar thermal for both dryer and the 148 

pyrolysis reactor in scenario 4. Such a cost is almost three times more expensive than the 149 
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reference pyrolysis plant where the total capital cost is only $41 million [38]. For scenario 1 150 

utilising the CSP for the dryer only, the capital cost from the pyrolysis equipment increases 151 

slightly from $34.6 million in the case of scenario 4 to $37.45 million, due to the requirement 152 

of extra combustor and compressor for the burning of coal gas. However, the overall capital 153 

cost for scenario 1 is much lower than in scenario 4. The use of PTC in scenario 1 is another 154 

reason for this. As can be noted from Table 6, scenario 4 has a higher operating cost ($27.33 155 

million) compared to scenario 1 ($21.07 million). The major reason is that a huge amount of 156 

natural gas has to be purchased to supplement the solar thermal to accommodate the high 157 

energy demand. However, the net amount of products left for selling in scenario 4 is more 158 

than scenario 1 since no coal gas is burnt for heat provision. Total fixed charges, depreciation 159 

and capital were calculated as a percentage of the total capital cost. These assumptions led to 160 

a total production cost of $24.44 million for the pyrolysis sub-section and $2.89 million for 161 

the solar system sub-section for scenario 4. For scenario 1, the total fixed charges and 162 

depreciation & capital for the pyrolysis sub-section are more than scenario 4, since the capital 163 

cost for this subsection is larger. The total operating cost of the solar subsection for scenario 164 

1 is $0.3 million which is much lower than that of scenario 4 with $2.89 million. The reason 165 

is the lower operating cost of a PTC compared to a ST which needed a bigger solar field, land 166 

and more water for maintenance.  167 

 168 

Efforts were also made to compare the designed system with other solar power hybridized 169 

systems from the process techno-economic analysis perspective. So far, only a few studies on 170 

gasification of different carbonaceous materials have been found [65]. Saw at el. carried out a 171 

techno-economic analysis for a solar hybridized coal-to-liquid plant via gasification in 172 

Australia. They reported a much higher total capital cost of $493 million for a coal flow rate 173 

of 31.2 t/h (db), relative to 24.7 t/h (db) coal inlet flow rate in this study. The major reason is 174 
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the high cost of equipment, especially the gasifier and complexity of their process. They also 175 

reported a capital cost of $377 million for the conventional coal-to-liquid plant with the use 176 

of an entrained flow gasifier contributing to 18% of the total capital cost. Air separation unit 177 

is another expensive unit comprising 16% of the total capital cost. In addition to these capital-178 

intensive units, there are two turbines (steam turbine and gas turbine), CO2 compression unit 179 

and a couple of refining and cleaning steps. These extra units make the coal-to-liquid- 180 

process very complex and not comparable with the current process [36].  181 

 182 

Finally, the capital cost and operating cost of the plant for both scenarios 1 and 4 was used as 183 

an input for NPV analysis. The details of the NPV analysis and the assumptions used in this 184 

calculation is described in our previous work [38]. The results are presented in Table 7. The 185 

solar-assisted pyrolysis in scenario 1 is the most profitable option with a high NPV of $81.1 186 

million and a short payback period of 4.85 years. Replacing the dryer heat supply with a 187 

medium-temperature solar thermal seems attractive from both the economic and 188 

environmental perspective. Conversely, scenario 4 cannot compete against the conventional 189 

pyrolysis process, due to its considerably low NPV value of only $4.51 million and a 190 

relatively long payback period of 12.3 years.  191 

 192 

Table 5 Capital cost and its breakdown for Scenario 1 and optimized Scenario 4 193 

Capital cost items Basis 
Scenario 4 Scenario 1 

Note 
Cost ($M ex. GST) 

Direct Plant Costs     

Equipment Purchase EPCa 7.30 7.90 From APEA 

Freight 10 % of EPC 0.73 0.79 

From CSIRO Cost 

calculation 

Direct equipment cost (DEC) EPC + Freight 8.03 8.69 

Installation 45 % of DECb 3.61 3.91 

Instrumentation 25 % of DEC 2.01 2.17 

Minor piping 16 % of EPC 1.17 1.26 
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Structural 15% of EPC 1.10 1.19 

Electrical 25 % of DEC 2.01 2.17 

Buildings 25 % of EPC 1.83 1.98 

Yard Improvements 15 % of EPC 1.10 1.19 

Service Facilities 40 % of EPC 2.92 3.16 

HSE Functions 10 % of EPC 0.73 0.79 

    

Total Indirect Costs    

Engineering Supervision 50 % of DEC 4.02 4.35 

Legal Expenses 4 % of DEC 0.32 0.35 

Construction Expenses 40 % of DEC 3.21 3.48 

    

Working Capital    

Working Capital 

8% of Direct 

plant cost + 

Total indirect 

costs 

2.56 2.77 

    

Total Capital (pyrolysis)  34.60 37.45  

Total Capital (Solar)  78.80 18.37 From SAM 

Total Capital cost  113.40 55.82  

 194 

Table 6 Operating cost and its breakdown for Scenario 1 and optimized Scenario 4 195 

Item  
Scenario 4 Scenario 1 

Assumptions  Price per unit  
Total cost ($M) 

Raw Materials     

Coal  1.98 1.98  $3.5/t 

Sulfuric acid (98%) 0.002 0.002  $313/t 

Ethanol  0.46 0.46 565 (t/a) $813/t      

Utilities     

Electricity 2.17 2.17  $0.1/ kWh 

Natural Gas 8.37 4.57  $5 /GJ  

Cooling water  0.11 0.11  $0.76/MWh 

Air  0 0  Free       

Total fixed charges   Assumptions Price per unit  

Labour 4.79 4.37   $25/t product 

Maintenance and repairs 1.73 1.87 5% of total capital cost NA 

Operating supplies 0.35 0.37 1% of total capital cost NA 

Taxes (property) 0.69 0.75 2% of total capital cost NA 

Insurance 0.35 0.37 1% of total capital cost NA      

Depreciation & Capital     

Fixed Capital Depreciation 1.73 1.87 5% of total capital cost NA 

Interest on capital 1.73 1.87 5% of total capital cost NA 
     

Total Product Cost (pyrolysis) 24.44 20.77   

Total Product Cost (solar) 2.89 0.3   

Total Product Cost  27.33 21.07   
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Table 7 Comparison of NPV analysis for conventional pyrolysis and solar assisted scenarios 196 

4 and 1 197 

  
Conventional 

pyrolysis [38] 

Solar assisted 

pyrolysis 

(Scenario 4) 

Solar assisted 

pyrolysis 

(Scenario 1) 

 Net present value (NPV) $M  52.8 4.51 81.1 

 Internal rate of return (IRR) %  25 9.5 26.7 

 Payback period (Year)  5.1 12.3 4.85 

 198 

4. Conclusions and Future Directions 199 

This paper examined the technical and economic feasibility of the integration of CSP into 200 

Victorian brown coal utilization via a drying-pyrolysis process. Three different tools were 201 

coupled to design the process and to assess the viability of four different design scenarios. 202 

The most comprehensive scenario was further optimized through sensitivity analyses. The 203 

major conclusions can be drawn as follows: 204 

1) The plant operation analysis showed that integrating CSP with the pyrolysis process 205 

can provide an average of 12.82% of the annual energy demands of the process in the 206 

most comprehensive scenario 4 using ST to provide heat for both coal drying and 207 

pyrolysis. The pyrolysis gas yield is the highest in scenario 4, reaching 10 t/h since 208 

there is no need to burn the pyrolysis gas for energy provision purposes.  209 

2) For the best ST design to be integrated into the pyrolysis process, a solar salt with a 210 

solar multiple of 2, using carbonate salts as HTF, a design point DNI of 750 W/m2 and 211 

the heat storage capacity of 8h shows a better performance in terms of the total solar 212 

energy output over a year and also the LCOE. 213 

3) From the economical perspective, the PTC system designed to cover the heat required 214 

for the dryer only is economically viable. It even shows a slightly better economic 215 

performance compared to the conventional pyrolysis process. The PTC system 216 

assisted pyrolysis process has the potential to reach a high NPV value of $81.1 217 
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million and a short payback period of 4.85 years, relative to an NPV of $52.8 million 218 

and a payback period of 5.1 years for the conventional pyrolysis process. The use of 219 

ST for both drying and high-temperature pyrolysis is economically infeasible because 220 

of the high cost of the CSP component.  221 

4) Hybridization of CSP with the other energy technologies for the production of solar 222 

fuels could potentially provide a lower risk and faster route to market rather than 223 

stand-alone systems. In addition to implementing government incentives, extensive 224 

research is needed in this area to decrease the cost of the CSP plants. Such cost 225 

reductions are expected to result from technical improvements, improvement in the 226 

efficiency of energy conversion, reduction in operation and maintenance cost and 227 

faster and more efficienct on-site construction. Development of advanced high 228 

temperature TES systems and larger linear collectors have been the major focuses of 229 

the international researchers in CSP cost reduction [66].  230 
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