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A B S T R A C T   

The necessity to increase renewable energy consumption in the industrial, residential, and 
commercial use is crucial due to increasing use and decreasing reserve of fossil fuels. This paper is 
focused on the modelling and optimization of solar industrial process heating system using a flat 
plate collector and evacuated tube collector integrated into lead mining process for 7 different 
lead miner countries of the world: Australia, Canada, Indonesia, China, Peru, Russia, USA. 
Comparative analysis among seven miner countries is conducted by considering a few cases based 
on solar industrial process heating system design. The number of solar collectors installed is then 
optimized for three different designs of SHIP system in two different locations in Australia. To 
analyze the reduction potential of environmental burdens, life cycle assessment of lead mining 
process has been carried out based on the global average dataset. Environmental impact can be 
greatly reduced in global warming, human toxicity, and fossil fuel scarcity through the solar 
process heat integration. The evacuated-tube collector based solar process heating system with 
solar loop heat exchanger would have the highest efficiency and solar fraction over the other 
types of systems considered. Increasing the number of solar collector installation would result in 
higher solar fraction and capital cost.  
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1. Introduction 

Renewable energy integration in the industrial processes to supply process heat is crucial for enhancing sustainability through 
reduced consumption of fossil fuels and emissions of greenhouse gases [1,2]. Among the renewable energy generation resources, solar 
process heat is a proven and reliable source of energy due to abundancy and availability of location, low cost of fuels, and reduced rate 
of harmful emissions [3,4]. Despite the high capital cost of installation, solar industrial process heating systems are currently operating 
with various industrial sectors such as agriculture, automotive, chemical, food and beverage, paper, fabricated metal, mining, ma-
chinery and equipment, textile, wood, dairy, meat, and pharmaceutical industries. Among these range of industries, the industrial 
processes which are successfully operating with solar process heat are cleaning, drying, pasteurization, general process heating, 
cooking, cooling, and surface treatment. Some other processes which are utilizing solar process heat in smaller scale are evaporation, 
blanching, sterilization, heating and cooling of the production hall, melting, extraction, bleaching, painting, and retaining. These 
industrial processes are successfully operating through many industrialized countries throughout the world. These industrial processes 
operate through three different range of processes. The low-temperature processes (40◦–80◦ Celsius), medium temperature processes 
(80◦–120◦ Celsius), and high-temperature processes (120◦ Celsius and above). Flat plate collector and evacuated tube collectors are 
mostly used for these processes [5–7]. The highest number of SHIP (Solar Industrial Process Heating) plants are currently operating in 
Mexico with around 80 SHIP plants in diverse fields of industrial sectors. India stands in the second position with around 50 industrial 
plants. The third position goes for Austria and Germany with around 26 industrial SHIP plants. The other leading countries with 
operating SHIP plants are the USA, Spain, China, South Africa, Greece, Switzerland, and France. 

The necessity to integrate renewable process heating systems to mining industries can be evaluated and understood by the envi-
ronmental impact assessment studies on different mining processes and industries to identify the energy-intensive and emissive mining 
processes [8–11]. According to the previous studies conducted by the authors, metal extraction and refining processes are mostly 
energy-intensive rather than the mining and beneficiation processes. The aim of the present study is to analyses and compare the 
technical aspects of lead mining process of seven different countries as a case study. The aspects of different zones are compared to 
identify the best suitable zones and climatic conditions for installing solar industrial process heating systems in the mining industries. 
The best economical and efficient design of the solar process heating system is required to be identified to reduce the capital cost and 
loss of energy efficiency. The aim and novelty of this research is the identification of optimal design of SHIP system while at the same 
time it would be a sustainable solution for reducing fossil fuel use in mining processes. There is no significant research for solar energy 
integration in mining industries to date, which is the key focus of this paper. 

In this paper, section 2 describes the related previous literature works which studied the techno-economic analysis of solar process 
heating systems. Section 3 presents the Metrological data and design methodology. Section 4 and 5 present the solar thermal 
simulation results. Section 6 shows the life cycle assessment methodology and inventory analysis results. Section 7 is for discussion of 
analyzed results in comparison with previous works. Section 8 gives the concluding remark. 

Table 1 
Operating SHIP plants in the mining industries.  

Name Country Mining 
Industry 

Process Collector area 
(m2) 

Thermal 
Power (kwth) 

Storage 
volume (m3) 

Annual useful solar heat 
delivery (MWh/a) 

Anglo Plat – Brakfontein South 
Africa 

Platinum group Cleaning FPC 540 378 42 463 

Anglo Plat – Middelpunt South 
Africa 

Platinum group Cleaning FPC 180 126 14.2 154 

BHP Billiton 
Wolwekrans 
Colliery 

South 
Africa 

Coal mine Cleaning FPC 390 273 40 4017 

Codelco Gabriela Mistral Chile Copper general process 
heating 

FPC 39300 27,510 4300 51,800 

Hellenic Copper Mines Cyprus Copper Extraction FPC 760 532 100 1130 
La Parrena copper mine Mexico Copper process heating FPC 6270 4400   
MINERA EL ROB 

PEÑOLES 
Mexico Gold, silver, 

lead, zinc  
FPC 330 231 15  

Minera Constanza Chile Copper  FPC 440 308   
Miraah Oman Oman  process heating PTC 210000 100,000   
Northam Platinum’s 

Booysendal Mine 
South 
Africa 

Platinum group 
metals 

Cleaning FPC 192 134.4 30 548 

PEÑOLES TOTOLAPAN I Mexico Gold, silver, 
lead, zinc  

FPC 60 42   

PEÑOLES TOTOLAPAN 
II  Mexico 

Gold, silver, 
lead, zinc  

FPC 160 112 8 25 

PEÑOLES TOTOLAPAN 
III 

Mexico Gold, silver, 
lead, zinc  

FPC 45 31.5 3 25 

Xstrata Elands Mine South 
Africa 

Platinum group 
metals 

Cleaning ETC 504 352.8 60   
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2. State-of-the-art literature works 

The details of the operating SHIP plants in industries are listed below in Table 1. These plants are mostly located in South Africa, 
Chile, Cyprus, Mexico, and Oman. The industrial processes for which SHIP is used for in those countries are cleaning, extraction, and 
general process heating. These processes are mostly low-temperature processes designed with flat plate solar collectors. 

There are very few studies in the literature which considered the design, simulation, and optimization of SHIP plants irrespective of 
the industrial sectors. Though solar radiation and solar collector design is solely dependent on the availability of solar irradiation 
falling on that location, researchers reveal that solar process heat integration would reduce greenhouse gas emissions significantly, 
thus will also save the cost of fuels. Table 2 describes the literature works based on design optimization of industrial process heat. 

Allouhi et al. worked on designing SHIP plants for a milk processing company located in Morocco. They calculated the life cycle 
cost to optimize the design parameters. They found that evacuated tube collectors sized 400 m2 with tilt angle 30◦, tank storage volume 
2000 L would save the life cycle cost about 179 k USD. The solar fraction would be 41% with a payback period of 12.27 years. The 
carbon dioxide emission reduction would be 77.23 tons. They also recommended that a higher inflation rate and lower initial 

Table 2 
Comparison of the design optimization research works from previous literature.  

References Location Focus Contribution Design parameter Results 

[12] Morocco Milk processing 
factory 

Analyzed process heat 
integration at the different 
process level 

Hot water supply to four 
production processes with 
different temperature level 

Cost savings 179 k USD 
Solar fraction 41% 
CO2 emission reduction 77.23 
ton 

[20]  Process industries Distribution of solar heat 
among heat exchangers and 
different temperature levels 
were analytically solved 

Solar collector size 
Storage size 
Radiation and climate data  

[21] Southern Germany Textile industry Providing hot water to different 
process 

Overview of the parabolic 
trough collector-based 
system 

Collector field yield 21.8 MW h 
Coefficient of performance 10.7. 
Primary energy savings 81% 

[14] Iran Copper mine Optimized the collector 
arrangement and size of the 
storage tank 

Collector type, orientation, 
heat transfer fluid, storage 
tank 

CO2 emission reduction of 970 
ton 

[22] Reunion Island Yoghurt 
production 

Analyzed direct or indirect 
integration into mixing tank or 
boiler tank 

Estimated fuel savings for 
four different cases based on 
actual datasets 

25% of fuel savings for 600m2 

collector size 

[23] Europe Beer production Analyzed solar and waste heat 
integration at the different 
process level 

Design of integrated system Natural gas savings 3670 MW h 
CO2 emission savings 89,000 
tons/year 

[16] South Africa Fishmeal 
Production 

Comparative analysis of two 
fishmeal companies 

operation scale, production 
route, location, fuel, and 
raw material. 

Solar collector 384m2 

Solar fraction 81% 

[24] Southern 
Mediterranean 
countries 

Process industries Design optimization based on 
memetic algorithm-plant 
location, demand profile 

Number of collectors in row 
and column 
Storage volume 
Levelized cost of energy 
Life cycle savings 

Levelized cost of energy 5 c€/ 
kWh 

[18] India Dairy industry Analyzed SHIP system with and 
without storage for seven 
different locations within India 

Annual thermal energy 
output 
Levelized unit cost 
Payback period 
Net present value 
Internal rate of return 

Solar collector 813–1127 m2 

Solar fraction 16%–33% 

[25] China Soy sauce industry Analyzed three different types 
of system driven by solar 
thermal/solar PV. 

Solar collector 
Photovoltaic panel 
Electric steam generator 

Flat plate collectors performed 
better with 20years LOE of 0.063 
c€/kWh 
Recommended cascaded system 
of PV and PVT 

[19] India Textile, pulp and 
paper, dairy, 
leather, 
automobile 

Analyzed for solar system with 
storage depending on the 
operating temperature 

Choice of collector 
depending on the operating 
temperature 
Solar field size 
Working fluid 

Solar collector 7.8 million m2 

CO2 emission reduction 1.8 Mt 

[2]  Dyeing process Dynamically modelled the SHIP 
system with storage 

Optimal control of design 
parameters based on the 
variation of availability of 
solar energy 

Solar collector 472m2 

Solar fraction 56.3% 
CO2 emission reduction of 252.2 
tons 

[26]  Dairy industry Analysis based on PinCH 
analysis and mixed-integer 
linear programming 

Heat recovery 
Utility selection 
Sizing 

65–75% heat reduction 
depending on 27% heat recovery 
and improved up to 33% heat 
pump efficiency  
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investments would be beneficial for energy savings for commercial areas [12]. Calderoni et al. researched feasibility analysis on the 
solar collector integration in industrial applications in Tunisia. They carried out a techno-economic analysis based on three case studies 
of the textile industry. Their findings suggest that solar thermal systems would be economically beneficial based on an alternative 
subsidy scheme in the long run [13]. In different research articles, Farjana et al. studied the potential of solar industrial process 
heating system while comparing the existing SHIP plants throughout the world [3,4]. Jannesari and Babaei et al. conducted the 
techno-economic analysis based on solar energy use for a copper mine located in Iran. They showed that south-facing system of 5000 
m2 of collectors with 50 m3 storage tank would reduce carbon-dioxide emission reduction of up to 970 tons. Their estimated payback 
period is 6–10 years. They recommended the pre-selection of materials for district heating for detailed analysis [14]. Kumar et al. 
conducted an extensive literature review on the industrial applications of solar thermal collectors and their technologies based on 
sun-tracking systems, thermal performance, and modelling techniques. They have classified the solar collector technologies and heat 
demand temperatures depending on country location and industry while particularly outlined for supply level process heat generation 
in the industries in Pakistan. They recommended that solar collector technologies would be very useful for industrial applications [15]. 
Oosthuizen et al. analyzed the prospect of solar process heat integration in South African fishmeal production factory. These in-
dustries differ in the scale of production, location, fuel, type of raw material, and production route; while for both of these factories 
they showed the great potential of integration of SHIP systems [16]. Schoeneberger et al. studied and reviewed the technological 
approaches and potentialities of solar process heat integration in industrial sectors in the USA [17]. Sharma et al. conducted a 
financial feasibility analysis based on carbon dioxide emission mitigation using solar industrial process heating systems in the dairy 
industries in India. They have chosen seven locations in India and conducted an analysis based on different techno-economic factors 
like Levelized cost of thermal energy, payback period, net present value, and cost of carbon mitigation. They showed that the payback 
period is very higher for solar process heating systems while the cost of carbon emissions seems to be mitigated. They recommended 
that site-specific and design specific studies would be very useful for feasibility assessment while government support is also required 
[18]. Suresh et al. studied the conversion efficiency of the solar process heating and found that it is higher than for the solar electricity 
generation and other process heating applications. They developed an analysis methodology for assessing solar industrial process 
heating system potential for different systems based on operating temperature, solar collector design parameters, a and the location 
details. Their developed methodology has been validated based on the System Advisor Model (SAM) software and Indian industries. 
The focused industries are textile, pulp and paper, dairy, and automobile. Their results revealed that 20% of solar energy use would 
result in 565 ktoe fuel savings and 1.8 Mt CO2 mitigation. Though these requires a huge capital investment suggesting a number of 
policy recommendations [19]. Tilahun et al. conducted design optimization research for dyeing process which results in 5.7 year 
payback period, 56.3% solar fraction, 252.2 tons of CO2 emission reduction [2]. 

3. Details of the solar process heating system 

To conduct a detailed and extensive analysis, three different types of solar process heating systems were considered. The first type 
of system (case 1) consists of a buffer tank system with process heating. The second type of system (case 2) consists of a buffer tank 
system with process heat, flow heater and external heat exchanger. The third type of system (case 3) comprises of buffer tank system 
with process heating and continuous flow heater. Fig. 1 shows the methodology which is used to model the SHIP system in this study. 
Fig. 2 shows the schematic of the SHIP system integrated with the mining process. 

The solar collector type is FPC-A26 considered in this study is designed and modelled by Apricus Solar Co. Ltd. The solar collector 
type is FPC-A26. Based on the initial assumption, inclination or tilt angle is 30◦ while the orientation and azimuth are 180◦. The buffer 

Fig. 1. Design Methodology of a SHIP system.  
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tank used in of 1000 L capacity with standard gas-fired boiler used for auxiliary heating with 9 KW nominal output. The insulation 
thickness is 100 mm and thermal conductivity 0.065 W/(m.K). The supply temperature was 80 ◦C, minimum outlet temperature 60 ◦C, 
and return temperature 40 ◦C. Energy is supplied using natural gas, with lower heating value (LHV) 37,512 W/m2 and emission factor 
0.06 g/kJ. In the process heater, the average daily consumption is 72 MJ, while resulting annual energy requirements is 26.28 GJ and 
the maximum hourly requirement is 24.38 MJ. The longitude and latitude of the mining locations considered in this study are pre-
sented in Table 3. These data are used to determine the suitable meteorological location for conducting a techno-economic analysis. 

Solar collector array: The solar collector array is a panel or energy transfer medium which is used to absorb the solar radiation and 
then convert it to the heat energy, which is then passed through the heat transfer medium (water, fluid, or air) through the solar 
collector. The heat which is generated can be stored or absorbed directly depending on the system exposure to solar energy due to the 
weather conditions. The design parameters for this equipment are orientation, azimuth, inclination (tilt angle), the minimum distance 
between mounted collectors, annual irradiation onto the surface area, piping between collectors, nominal diameter, and insulation 
thickness. 

Buffer tank: Buffer tank is used to store the energy produced by the solar system which can be further released depending on the 
system requirements of energy, which might be the heating panel. The design parameters for this equipment are volume, the number of 
tanks, height/diameter ratio, insulation thickness, thermal conductivity, sensor installation heights, and tank loading piping 
connections. 

Solar loop heat exchanger: Solar heat exchangers are used to transferring the energy absorbed by the system to the heat transfer 
medium which would produce the heat energy. The design parameters for a heat exchanger is the type of heat exchanger, charac-
teristics of the heat transfer medium, the fluid flow rate, and the inlet and outlet temperatures of the fluid. 

Flow heater: Flow heaters or the process heaters are used to heat the fluid used in the process. It can be mounted horizontally or 
vertically, while the capacity varies depending on the system requirements. 

Gas-fired boiler: The gas-fired boiler has a continuous supply of gas which is used to streaming it into a pipe to start the ignition. 
They work through the valve which while opens, the ignition can start then. The other parts are water pipe, radiator, and electric 
pump. The design parameters for this equipment are boiler type, output, and heating efficiency calculation. 

Process Heater: These are used to maintain the heat which is carried out within the liquid heat transfer medium. The design 
parameters for this equipment are average daily consumption, resulting in annual energy requirements, maximum hourly re-
quirements, supply temperature, outlet temperature, and return temperature. 

For the analysis, thermal energy balance based on the input and output energies, and heat capacities is required. The thermal 
balancing is required and carried out for individual system components, not for the whole system together. Thermal balancing refers to 
the net energy input, outputs, and heat capacity of a system component must be equal to zero. The system components under 

Fig. 2. Schematic diagram of the SHIP system integrated with the lead mining process.  
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Table 3 
List of the geographic location of the mines considered for the analysis.  

Country Longitude Latitude 

Australia 130.9975 − 12.9938 
Canada − 79.7165 50.0194 
Indonesia 127.69359 1.1440 
China 120.1316 37.4019 
USA − 116.4173 35.7805 
Russian 

Federation 
119.83240 57.6532 

Peru − 75.7219 − 12.3105  

Table 4 
Design optimization for 7 different lead miner countries.   

Categories SHIP with heat exchanger SHIP with heat exchanger and flow 
heater 

SHIP without heat 
Exchanger 

ETC FPC ETC 

Australia Irradiation on collector surface (active) kWh/m2 1644.43 
Energy delivered by collector kWh/m2 623.06 193.14 317.14 151.46 340.19 178.96 
Energy delivered by collector loop kWh/m2 577.19 179.65 249.90 135.38 282.73 165.33 
Solar contribution kWh 20,979.65 9941.52 6953.39 5970.50 8215.91 7785.72 
Energy from auxiliary heating kWh 2277.2 2404.7 354.7 1333.7 317.1 1372.8 
Total solar fraction % 90.2 80.5 95.1 81.7 96.3 85.0 
System efficiency % 33.8 10.1 11.2 6.1 13.2 7.9 

Canada Irradiation on collector surface (active) kWh/m2 1494.18 
Energy delivered by collector’s kWh/m2 212.12 99.28 225.69 108.10 235.75 122.23 
Energy delivered by collector loop kWh/m2 172.62 90.26 180.42 97.61 197.13 113.48 
Solar contribution kWh 5844.19 4885.85 4829.82 4130.24 5481.15 5094.47 
Energy from auxiliary heating kWh 3245.4 4172.6 2477.3 3176.4 2417.9 3189.6 
Total solar fraction % 64.3 53.9 66.1 56.5 69.4 61.5 
System efficiency % 10.3 5.5 8.6 4.6 9.7 5.7 

China Irradiation on collector surface (active) kWh/m2 1605.65 
Energy delivered by collector kWh/m2 265.55 129.93 277.32 138.53 275.33 141.10 
Energy delivered by collector loop kWh/m2 216.49 118.15 221.13 124.92 226.54 129.45 
Solar contribution kWh 7352.55 6443.91 6056.28 5466.76 6311.15 5722.88 
Energy from auxiliary heating kWh 1770.0 2654.9 1245.4 1826.5 987.0 1563.1 
Total solar fraction % 80.6 70.8 82.9 75.0 86.5 78.5 
System efficiency % 12.1 6.7 10.0 5.7 10.4 6.0 

Indonesia Irradiation on collector surface (active) kWh/m2 1681.41 
Energy delivered by collector kWh/m2 314.17 149.86 326.71 162.10 344.16 186.15 
Energy delivered by collector loop kWh/m2 253.82 134.56 257.76 144.65 284.94 171.29 
Solar contribution kWh 8676.66 7343.74 7155.28 6483.17 8240.64 8102.36 
Energy from auxiliary heating kWh 533.1 1772.9 172.3 849.5 171.7 888.0 
Total solar fraction % 94.2 80.6 97.6 88.4 98.0 90.1 
System efficiency % 13.7 7.3 11.3 6.4 13.0 8.1 

Peru Irradiation on collector surface (active) kWh/m2 2005.69 
Energy delivered by collector kWh/m2 303.10 128.32 315.49 139.05 330.05 158.08 
Energy delivered by collector loop kWh/m2 246.49 116.78 250.43 125.67 274.38 146.89 
Solar contribution kWh 8418.31 6360.73 6966.49 5569.44 7903.55 6862.26 
Energy from auxiliary heating kWh 738.2 2709.7 337.0 1734.0 305.6 1776.4 
Total solar fraction % 91.9 70.1 95.4 76.3 96.3 79.4 
System efficiency % 11.1 5.3 9.2 4.6 10.4 5.7 

Russia Irradiation on collector surface (active) kWh/m2 1337.39 
Energy delivered by collector kWh/m2 169.33 74.88 184.48 83.59 190.93 92.84 
Energy delivered by collector loop kWh/m2 136.65 67.65 147.05 75.14 159.04 85.81 
Solar contribution kWh 4604.99 3635.17 3913.19 3124.06 4377.58 3767.88 
Energy from auxiliary heating kWh 4454.0 5407.7 3390.7 4179.3 3329.8 4200.5 
Total solar fraction % 50.8 40.2 53.6 42.8 56.8 47.3 
System efficiency % 9.1 4.5 7.7 3.9 8.7 4.7 

USA Irradiation on collector surface (active) kWh/m2 2320.64 
Energy delivered by collector kWh/m2 338.12 177.86 348.13 181.31 367.78 215.98 
Energy delivered by collector loop kWh/m2 263.02 158.80 261.87 159.28 293.63 197.37 
Solar contribution kWh 8966.12 8698.69 7189.44 7082.29 8458.56 9371.64 
Energy from auxiliary heating kWh 255.1 465.7 120.8 226.1 111.4 231.0 
Total solar fraction % 97.2 94.9 98.3 96.9 98.7 97.6 
System efficiency % 10.2 6.3 8.2 5.1 9.6 6.8  
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consideration are solar collector, solar collector loop, heat exchanger, and tanks. 
Temperature difference= (Total of input and output energies)/(Total heat capacities). 
The input energy considered here is irradiation, heat supply to the exchanger, heat transfer carried out by mass flow, and inter-

mixture of storage tank layers. The output energy considered here is heat losses by radiation, heat loss in insulation, heat transfer to the 
heat exchanger, heat transfer carried out by mass flow and intermixture of storage tank layers. The heat capacities of solar collector, 
solar collector loop piping, and storage tank contents are considered. 

Solar irradiation is calculated based on the climate datasets provided in Metereosun, while irradiation falling on the horizontal 
plane is calculated on watts per square meter of the active solar surface. The radiation is subdivided on diffuse and direct radiation 
based on Reindl’s radiation model [27]. The solar radiation is then converted into the irradiation on the tilted surface. The anisotropy 
factor is 0.2 and the solar azimuth is calculated based on the date, time, latitude, and height of the sun. 

Primary energy consumption is calculated from the energy and heat flows within the systems. The fuel consumption is calculated 
from the energy transferred to the auxiliary heating at the heat exchanger and efficiency of the auxiliary heating system, which is 
dominant by the return flow temperature. 

The carbon dioxide emission savings are obtained based on the heating value and emissions factor of the fuel which is saved using 
the solar system. Here, for oil, the heating value is 36,722 kJ/L while the emissions factor is 7.32748 g CO2/kJ. For gas, the heating 
value is 41,100 kJ/L while the emissions factor is 5.14355 g CO2/kJ. 

The solar collector loop efficiency is defined as the energy output from the solar collector loop via heat exchanger divided by the 
energy irradiated onto the active solar collector surface area. The system efficiency is defined as the energy output from the solar 
system divided by the energy irradiation onto the collector area of the active solar surface. The solar fraction is the amount of energy 
supplied to the standby tank system from the solar system divided by the total energy supplied to the standby tank in a combination of 
the solar system and auxiliary heating system. The investment costs are calculated as a subtract of installation costs and subsidy. The 
yearly operating costs are calculated as a multiplication of pump performance, operating time, and electricity costs. 

4. Solar industrial process heating system modelling 

This section shows the detailed analysis results for the techno-economic performance of solar industrial process heating systems 
integrated into the lead mining industries. The sub-sections discussed the results for each mine separately based on their location. The 
results showed that between the flat plate collector and evacuated tube collector-based systems, evacuated tube collector-based system 
with solar loop heat exchanger would have the highest system efficiency with lower solar energy cost. 6 different types of solar in-
dustrial process heating systems were analyzed based on the SHIP system with heat exchanger, with heat exchanger and flow heater, 
and without heat exchanger. The solar collectors to be analyzed are flat plate collector and evacuated tube collector. The parameters 
analyzed here are irradiation on collector surface, energy delivered by collectors and solar loop, solar contribution, energy from 
auxiliary heating, total solar fraction, and system efficiency. Table 4 describes the key results from SHIP systems integration in these 
countries. 

According to the analysis results presented here, SHIP with solar heat exchanger showed promising results for Australia in terms of 
the solar fraction and system efficiency. The total solar fraction would be 90.2% and system efficiency is 33.8% using evacuated tube 
solar collector. SHIP system using flat plate collector and heat exchanger, the solar fraction would be 80.5% and system efficiency 
would be 10.1%. SHIP system without heat exchanger has better performance than SHIP with heat exchanger and flow heater, while 
the evacuated tube collector-based system performs better than flat plate collector. However, both systems have higher solar fraction 
than SHIP with solar heat exchanger, while having lower system efficiency. In the case of Canada, the potential is a bit lower than in 
Australia, due to the geographic position and incident solar radiation per year, it still has immense potential to integrate solar in-
dustrial process heating systems. According to the results presented in Table 4, in ETC based system, the SHIP system would perform 
better with a solar fraction of at least 64.3% of the system and system efficiency 4.6%. Using a flat plate collector-based system, the 
least solar fraction is 53.9% and system efficiency 4.6% due to the less energy delivered by the solar collectors and solar contribution. 
Likewise, Australia and Canada, China shows the immense potential of integrating solar process heating systems in mining industries. 
The solar contribution from SHIP industry in China has more than 7000 kW h from SHIP with a heat exchanger using evacuated tube 
collector with 80.1 solar fractions and 12.1% system efficiency. More auxiliary heating is required for flat plate collector-based SHIP 
systems. However, SHIP without heat exchanger also has good solar fraction while having lower system efficiency. In Indonesia, the 
irradiation on collector surface is 1681.41 kW h/m2. The solar contribution ranges from 6483.17 kW h to 8676.6 kW h depending on 
the type of system and solar collector. The solar fraction ranges from 80.6% to 98% and system efficiency from 6.4% to 13.7%. 
However, the comparison among the systems showed that likewise other countries, evacuated tube collector-based system with heat 
exchanger would bring the immense potential for benefits. In Peru, the irradiation on the collector surface is 2005.69 kW h/m2. The 
solar contribution ranges from 6966 kW h to 8418 kW h for evacuated tube collector-based system while from 5569 kW h to 6862 kW h 
for flat plate collector-based system. The solar fraction would be at least 76.3% with a system efficiency of 4.6%. Evacuated tube 
collector-based system performs better than flat plate collector-based system. In the Russian Federation, irradiation on collector 
surface is 1337.39 kW h/m2. The solar contribution ranges from 3124.06 kW h to 4605 kW h depending on the type of system and solar 
collector. The solar fraction ranges from 40.2% to 56.8% and system efficiency from 4.5% to 9.1%. However, the comparison among 
the systems showed that likewise other countries, evacuated tube collector-based system with heat exchanger would bring the 
immense potential for benefits. In the USA, the irradiation on the collector surface is 2320.64 kW h/m2. The solar contribution ranges 
from 7082 kW h to 9371 kW h for evacuated tube collector-based system while from 5569 kW h to 6862 kW h for flat plate collector- 
based system. The solar fraction would be at least 94.9% with a system efficiency of 5.1%. Evacuated tube collector-based system 
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performs better than flat plate collector-based system. Least amount of energy is required to be supplied by the auxiliary heating 
system: ranging from 114.4 to 255.1 kW h. Figs. 3 and 4 describes the carbon di-oxide emissions to be avoided and amount of natural 
gas savings by the mining process per year. Australia can avoid 7441 kg CO2 emissions while the USA can avoid 3308 kg emissions per 
year from a mining industry integrated with solar industrial process heating systems. The lowest potential is on Russia (1699 kg CO2 
emissions) and Canada (2157 kg CO2 emissions) due to less amount of incident solar radiation available to be utilized. China has 
similar trends with 2713 kg CO2 emissions possible to avoid while Indonesia can avoid up to 3202 kg. Peru is like Indonesia while can 
avoid 3106 kg CO2 emissions. 

5. Design optimization for Australia as a case study 

For this research, among Australian mining industries, the operating mining industries considered are in the state of New South 
Wales (NSW), Australia. There are several mining industries which include gold, silver, lead, zinc, copper, ilmenite, and rutile. The 
longitude and latitude of these mining industries are summarized in Table 5. These summaries are used to determine the suitable 
meteorological location for conducting a techno-economic analysis of suitable location in New South Wales with enough incident solar 
radiation, which is Milingimbi and Gosford Narara. These are the closest meteorologically suitable location for the mentioned mines. 
Table 5 summarizes the details of the operating mine located in New South Wales, Australia. 

Climate data based on chosen locations are obtained from the weather database. The first location is Gosford Narara in New South 
Wales with latitude − 33.4◦ and longitude − 151.3◦. The total annual global irradiation is 6083.7 MJ/m2. Diffuse radiation percentage 
is 47.9%. Mean outside temperature is 16.4 ◦C and the lowest outside temperature is 12.2 ◦C. The second location is Milingimbi in New 
South Wales with latitude − 12.1◦ and longitude − 134.9◦. The total annual global irradiation is 7769.9 MJ/m2. Diffuse radiation 
percentage is 42%. Mean outside temperature is 26.6 ◦C and the lowest outside temperature is 22.6 ◦C. 

To conduct a detailed and extensive analysis, three different types of solar process heating systems were chosen. The first type of 
system (case 1) consists of a buffer tank system with process heating. The second type of system (case 2) consists of a buffer tank system 
with process heat, flow heater and external heat exchanger. The third type of system (case 3) comprises of buffer tank system with 
process heating and continuous flow heater. The solar collector chosen is designed and modelled from Apricus Solar Co. Ltd. The solar 
collector type is FPC-A26, and the total number of installed solar collectors considered in this study is 10. Total active solar surface area 
is 24.3 m2. Inclination or tilt angle is 30◦ while the orientation and azimuth are 180◦. The buffer tank used in of 1000L capacity with 
standard gas-fired boiler used for auxiliary heating with 9 KW nominal output. The supply temperature was 80 ◦C, minimum outlet 
temperature 60 ◦C, and return temperature 40 ◦C. 

For Gosford Narara, the system comprises of buffer tank system with process heating, and continuous flow heater has 34.2% solar 
fraction while the system efficiency is 8.5%. For Milingimbi, the same system has 70.2% solar fraction with 12.1% system efficiency. 
System type 3 is better than other systems in terms of solar fraction; however, for system 1 and 2, total fuel savings and the cost of solar 
energy is better than for system 3. The annual fuel savings is highest from system 1 for both locations (514.1 m3 for Gosford Narara and 
1049.9 m3 for Milingimbi). 

Fig. 3. Avoided carbon emissions from SHIP integrated lead mining process.  
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Figs. 5–10 shows solar energy consumption vs. the percentage of total energy consumption for three different SIPH systems in two 
different locations in NSW, Australia. Figs. 5 and 8 are plotted for the buffer tank system with process heating. Figs. 6 and 9 are drawn 
for a buffer tank system with process heat, flow heater and external heat exchanger. Lastly, Figs. 7 and 10 are drawn for a buffer tank 
system with process heating and continuous flow heater. Solar contribution is highest during the beginning and end of the year which 
gradually decreases until May up to zero, and then it again starts to increase from September to December for Gosford Narara. Total 
energy consumption varies throughout the year. Fig. 5 shows the solar consumption contributed by the designed SHIP plant is 2478 kW 
h while total energy consumption is 8986 kW h. Fig. 7 shows the solar consumption contributed by the system is 2495 kW h while total 
energy consumption is 7285 kW h. For Milingimbi, consumption contributed, and total energy consumption varies inconsistently 
throughout the year. Fig. 8 shows the solar consumption contributed by the designed system is 6017 kW h while total energy con-
sumption is 9069 kW h. Fig. 9 shows the solar consumption contributed by the designed system is 5109 kW h while total energy 
consumption is 7307 kW h. Fig. 10 shows the solar consumption contributed by the designed system is 5130 kW h while total energy 

Fig. 4. Savings of natural gas from the SHIP integrated mining system.  

Fig. 5. Solar energy consumption vs. percentage of total consumption (case 1- Gosford Narara).  
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consumption is 7305 kW h. 

5.1. Effects based on the number of solar collectors for buffer tank system with process heating and continuous flow heater 

Table 6 and 7 illustrates the comparative analysis conducted for Gosford Narara and Milingimbi. Sensitivity analysis is conducted 
based on a different number of collectors for flat plate solar collector designed by Apricus Solar Ltd. The first three column presents 
results for Gosford Narara for three cases-collector number 10, 15, and 20. Similarly, for Milingimbi last three columns represent 
results for simulation with many collectors 10, 15, and 20. From the results presented here, as the solar collector number increases, 
installed collector power and solar surface area increases. The irradiation on the solar surface increases gradually from 105,464 MJ to 
210,929 MJ in Gosford Narara. As a result, solar fraction increases from 34% to 44%, but system efficiency decreases from 8.5% to 
5.5%. Annual fuel savings also increases from 435.3 m3 to 562.1 m3. However, the cost of solar energy slightly increases from 0.250 
$/kWh to 0.387 $/kWh. Exactly similar results are found from Milingimbi. For ten solar collectors, in Milingimbi the irradiation on 
collector surface is 152,413 MJ, and for 20 collectors it is 304,827 MJ. Solar fraction increases from 70.2% to 81.5% and system 
efficiency decreases from 12.1% to 7%. 

Table 5 
Operating mines list in New South Wales, Australia.  

Name Longitude Latitude Commodities 

Triton 146.7216 − 31.3956 Copper, (Gold, Silver, Cobalt) 
Snapper 142.11998 − 33.39700932 Rutile, Zircon, Ilmenite, (Leucoxene) 
Ginkgo 142.2159283 − 33.37154825 Zircon, Rutile, Ilmenite, (Leucoxene) 
Chesney 145.8577972 − 31.52121939 Copper, Gold, Lead, Zinc, Silver 
Cadia Hill 148.9957 − 33.4574 Gold, Copper 
Endeavour 145.6537957 − 31.1629209 Zinc, Lead, Silver, (Copper, Gold) 
Peak Mines Project 145.869127 − 31.553942 Gold, Copper, (Silver) 
North East - Larsens 146.8469 − 31.2184 Copper 
Hillgrove Project 151.9009 − 30.5745 Gold, (Antimony, Tungsten, Tungsten trioxide (wolframite)) 
Mineral Hill 146.9871 − 32.5755 Gold, Copper, Zinc, Lead, Silver 
New Cobar 145.8551 − 31.5161 Gold, Copper 
New Occidental 145.864 − 31.5403 Gold, Copper 
Northparkes 148.0498 − 32.9135 Copper, Gold 
The Pinnacles 141.3286608 − 32.04902254 Lead, Zinc, Silver, Gold 
Broken Hill - Rasp Mine 141.4512729 − 31.96551709 Zinc, Lead, Silver, Copper 
Broken Hill 141.465 − 31.9665 Zinc, Lead, Silver, (Cadmium, Gold, Copper) 
Ridgeway 148.9759 − 33.4353 Gold, (Silver, Copper) 
The Peak 145.8778 − 31.5653 Zinc, Lead, Gold, Copper 
Hawkins Hill 149.410538 − 33.05003 Gold 
Perseverance 145.8824 − 31.5715 Copper, Gold 
Cobar 145.7985966 − 31.40801981 Copper, (Silver, Lead, Zinc)  

Fig. 6. Solar energy consumption vs. the percentage of total consumption (case 2- Gosford Narara).  
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5.2. Effects based on the type of the solar collector for buffer tank system with process heating and continuous flow heater 

This section highlights the effects of the type of solar collector on solar fraction and annual fuel savings. Here, the solar collector 
type is chosen as an evacuated tube collector. Table 8 shows the results of using flat plate solar collector and evacuated solar tube 
collector in Gosford Narara with a different number of solar collectors. Similarly, Table 9 presents the comparative results for Mil-
ingimbi for using flat plate collectors and evacuated tube collectors with a different number of solar collectors. The number of solar 
collectors chosen for comparison is 10,15, and 20. According to the analysis results presented here, in Gosford Narara, solar process 
heating system design with evacuated tube collector would result in higher solar fraction resulting from 54 to 62% based on the 
number of solar collectors installed based on system requirements. In Milingimbi, the solar fraction can be obtained up to 95% 
depending on the higher number of evacuated tube solar collectors. Moreover, it would also result in higher system efficiency than that 
obtained from using a flat plate collector. 

6. Life cycle assessment of lead mining process 

Life cycle assessment is a powerful tool for assessing environmental impacts from a product, process, or a system of processes. Based 

Fig. 7. Solar energy consumption vs. the percentage of total consumption (case 3- Gosford Narara).  

Fig. 8. Solar energy consumption vs. the percentage of total consumption (case 1- Milingimbi).  
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Fig. 9. Solar energy consumption vs. the percentage of total consumption (case 2- Milingimbi).  

Fig. 10. Solar energy consumption vs. the percentage of total consumption (case 3- Milingimbi).  

Table 6 
Simulation results for SIPH installation in Gosford Narara, NSW.   

Categories 
Gosford Narara Milingimbi 

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

Installed collector power (KW) 17.01 
Installed solar surface area (m2) 24.3 
Irradiation on collector surface (MJ) 105,464 152,413 
Energy delivered by collectors (MJ) 13,358 14,552 14,396 26,516 28,108 27,707 
Solar contribution (MJ) 10,606 8921 8980 21,661 18,393 18,468 
Solar fraction (%) 32.8% 34% 34.2% 66.3% 69.9% 70.2% 
System efficiency (%) 10.1% 8.5% 8.5% 14.2% 12.1% 12.1% 
Annual fuel savings (m3) 514.1 432.4 435.3 1049.9 891.5 895.1 
Cost of solar energy ($/kWh) 0.212 0.252 0.250 0.104 0.122 0.122  
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Table 7 
Impacts of an increasing number of solar collectors in solar fraction and annual fuel savings.   

Categories 
Gosford Narara Milingimbi 

Number of 
collectors 10 

Number of 
collectors 15 

Number of 
collectors 20 

Number of 
collectors 10 

Number of 
collectors 15 

Number of 
collectors 20 

Installed collector power 
(KW) 

17.01 25.52 34.02 17.01 25.52 34.02 

Installed solar surface area 
(m2) 

24.3 36.45 48.6 24.3 36.45 48.6 

Irradiation on collector 
surface (MJ) 

105,464 158,196 210,929 152,413 228,620 304,827 

Energy delivered by 
collectors (MJ) 

14,396 16,610 17,917 27,707 30,454 31,914 

Solar contribution (MJ) 8980 10,649 11,597 18,468 20,426 21,416 
Solar fraction (%) 34.2% 40.6% 44.2% 70.2% 77.7% 81.5% 
System efficiency (%) 8.5% 6.7 5.5 12.1% 8.9% 7% 
Annual fuel savings (m3) 435.3 516.2 562.1 895.1 990 1038 
Cost of solar energy 

($/kWh) 
0.250 0.316 0.387 0.122 0.165 0.210  

Table 8 
Comparison of the SIPH system based on a different type of solar collector in Gosford Narara.   

Categories 
Gosford Narara, flat plate collector Gosford Narara, evacuated tube collector 

Number of 
collectors 10 

Number of 
collectors 15 

Number of 
collectors 20 

Number of 
collectors 10 

Number of 
collectors 15 

Number of 
collectors 20 

Installed collector power 
(KW) 

17.01 25.52 34.02 18.27 27.40 36.54 

Installed solar surface area 
(m2) 

24.3 36.45 48.6 26.1 39.15 52.2 

Irradiation on collector 
surface (MJ) 

105,464 158,196 210,929 73,347 110,021 146.695 

Energy delivered by 
collectors (MJ) 

14,396 16,610 17,917 22,953 25,509 27,011 

Solar contribution (MJ) 8980 10,649 11,597 14,188 15,584 16,344 
Solar fraction (%) 34.2% 40.6% 44.2% 54% 59.3% 62.2% 
System efficiency (%) 8.5% 6.7 5.5 19.3% 14.2% 11.1% 
Annual fuel savings (m3) 435.3 516.2 562.1 687.7 755.3 792.2 
Cost of solar energy 

($/kWh) 
0.250 0.316 0.387 0.11 0.15 0.191  

Table 9 
Comparison of the SIPH system based on a different type of solar collector in Milingimbi.   

Categories 
Milingimbi, with flat plate collector Milingimbi, with evacuated tube collector 

Number of 
collectors 10 

Number of 
collectors 15 

Number of 
collectors 20 

Number of 
collectors 10 

Number of 
collectors 15 

Number of 
collectors 20 

Installed collector power 
(KW) 

17.01 25.52 34.02 18.27 27.40 36.54 

Installed solar surface area 
(m2) 

24.3 36.45 48.6 26.1 39.15 52.2 

Irradiation on collector 
surface (MJ) 

152,413 228,620 304,827 105,999 158,999 211,999 

Energy delivered by 
collectors (MJ) 

27,707 30,454 31,914 35,159 39,088 40,609 

Solar contribution (MJ) 18,468 20,426 21,416 22,084 24,428 25,003 
Solar fraction (%) 70.2% 77.7% 81.5% 84% 93% 95.1% 
System efficiency (%) 12.1% 8.9% 7% 20.8% 15.4% 11.8% 
Annual fuel savings (m3) 895.1 990 1038 1070.4 1184 1211.9 
Cost of solar energy 

($/kWh) 
0.122 0.165 0.210 0.071 0.096 0.125  
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on ISO 14040, life cycle assessment aims to help the decision of designers, engineers, and policymakers for optimization of the process 
to reduce the environmental burdens associated with the analyzed system. The major steps of an LCA study are goal and scope 
definition, life cycle inventory development, life cycle impact assessment, and results from interpretation. In this section, we will 
conduct the LCA study of lead mining processes based on the country-specific average datasets from EcoInvent. The geographic region 
is global. The system boundary contains the metal ore, water, energy, transportation, and resources required to produce 1 kg of lead, 
which will be coming out of the system boundary. The processes here included are mining, sinter/blast furnace, direct smelting, 
disposal, and refining of lead. Originated from the European datasets, these were analyzed and averaged for the global geographic 
condition; which is documented in the EcoInvent database [28,29]. 

The goal of this study is to analyze the lead mining processes as a base case and conduct further analysis of an integrated process 
with the solar thermal system while comparing the impacts with the base case. It’s a consequential LCA while the scope is limited to the 
mining process considering the waste scenario and process. The analysis methodology used here is the ReCiPe 2016 Midpoint based 
method for characterized results. The analysis was conducted using SimpaPro version 8.5. Table 10 and Table 11 describes the life 
cycle inventory inputs for lead mining process and solar thermal system separately. 

Table 12 describes the comparative environmental impact analysis from the life cycle assessment of solar integrated lead mining 
processes in comparison with lead mining process with fossil fuel integration. The table shows that solar process heat would reduce the 
impact on global warming, terrestrial ecotoxicity, human non-carcinogenic toxicity, and fossil fuel scarcity significantly in per kg. 

Fig. 11 describes the environmental impact analysis results for lead mining process for 18 impact categories. The emissions from the mining process to the environment in 

the form of air and water− carbon dioxide, arsenic, antimony, cadmium, lead, mercury, Sulphur dioxide. Some of the chemical substances are emitted to air and water both−

Arsenic, Cadmium, Lead, and Mercury. Among the inventories, the highest impact for all impact categories stems from lead concentrate beneficiation and lead ore mining 

process. The reasons behind the impact are originated from the hard coal and heavy fuel oil used, for mining and beneficiation. Fig. 12 comparatively analyzed the envi-

ronmental impacts from lead mining without SHIP system and with SHIP system− for four major environmental impact categories: global warming, terrestrial ecotoxicity, 

human toxicity-non-carcinogenic, and fossil fuel scarcity. 

7. Discussion 

According to the analysis results presented in section 5 and 6, solar industrial process heating systems have great potential to reduce 
emissions from fossil-fuel driven resources in mining industries. The design optimization categories chosen were energy delivered by 
the collector, solar contribution, energy required from auxiliary heating, solar fraction, system efficiency, natural gas savings, and 
avoided carbon dioxide emissions. The choice of the type of SHIP system varies depending on system design with or without heat 
exchanger and flow heater. The analysis was carried out for 7 different lead miner countries of the world: Australia, Canada, China, 
Indonesia, Peru, the Russian Federation, and the USA. The integrated analysis contains further life cycle assessment studies for lead 
mining consists of the mining, beneficiation, smelting, and refining processes. Moreover, further sensitivity analysis based on number 
of collectors installed in the solar process heating system shows that increasing the number of collectors will incur higher solar fraction 
and capital cost with lower system efficiency. 

From the summary of the previous literature, described in the section of this paper have shown that there are a couple of research 
works analyzing the potential of SHIP system integration in different industrial processes in diverse locations, but only one study which 
analyzed the solar process heat integration in high-temperature mining industry. The design and chosen parameters for process heat 
integration vary significantly based on the location of the industry for the availability of solar energy and process operating tem-
perature. This paper is the first one analyzing the low-temperature mining processes in leading lead miner countries. The main 
modelling criteria was about the SHIP system design was based on the use and orientation of heat storage tank and flow heater and 
evaluating the suitability and performance of flat-plate and evacuated-tube collector use based on these designs. The locations datasets 
were chosen based on the location of operating lead mines in these countries. The design parameters such as solar collector size is 

Table 10 
Life cycle inventory table for lead mining process.  

Inventory materials for the Lead mining process Quantity Unit 

Lead, primary 1 kg 
Electricity, medium voltage 0.153 kWh 
Hard coal burned in industrial furnace 6.742 MJ 
Heavy fuel oil burned in industrial furnace 0.275 MJ 
Iron ore, 65% Fe 0.061 kg 
Lead concentrate 1.794 kg 
Limestone 0.647 kg 
Natural gas burned in industrial furnace 0.558 MJ 
Nitrogen 0.020 kg 
Oxygen 0.203 kg 
Silica sand 0.608 kg 
Transport, freight, rail 5.276 tkm 
Transport, lorry >16t 0.931 tkm 
Resource correction, PbZn 0.002 kg 
Resource correction, PbZn 0.035 kg 
Disposal of lead smelter slug 0.41 kg  
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chosen based on the operating temperature required to supply process heat; simulating from the operating mines with SHIP plants. 
Also, design parameters were justified based on previous literature and solar thermal design databases [12,30,31]. The contribution of 
this studies lies in the design optimization of the different types of SHIP systems in diverse locations of the world, however, only one 
case study per country was chosen for this study. Later in section 6, two different locations of Australia were analyzed and optimized 
through sensitivity check depending on the number of solar collectors installed in the solar process heating system. 

Another major contribution from this work is here the extensive analysis of environmental impacts from lead mining processes 
were performed which has never been done before. There are some studied which evaluated the environmental analysis of soil 
contamination from lead mining, which justifies the toxicity results obtained from the present study [32–34]. Even lead battery 
recycling also causes soil contamination from metal particles [35]. The LCA of lead battery and architectural sheet production was 
studied by Davidson et al. which also mentioned the large impact of lead mining process on the supply chain of lead-acid battery [36, 
37]. Impacts of fossil fuel use were also highlighted by the lead-acid battery used in stationary domestic-PV systems [38]. However, 
lack of research exists in material flow analysis of lead production while only Liu et al. considered spatial and temporal analysis of 
lead-battery manufacturing in China [39]. The lead mining and beneficiation process in China were also studied through a life-cycle 
assessment which highlighted the environmental impact on freshwater eutrophication, freshwater ecotoxicity, human toxicity, and 
metal depletion [40]. Environmental impacts of secondary lead production were also studied based on the lead-acid battery recycling 
process in China [41]. However, none of these conducted the global analysis of life cycle environmental impacts of the lead production 
process with and without solar process heat integration. However, this integration was only based on the most economic and beneficial 
system obtained from the thermal simulation from the previous section of this paper. 

In short, the major contributions and findings from this paper are as below:  

• Comparative analysis of the three different types of solar industrial process heating system based on the buffer tank, flow heater, 
and a heat exchanger-recommended the SHIP system with heat exchanger and flow heater.  

• Comparison between the flat-plate collector and evacuated-tube collector for three different SHIP system design-recommended the 
evacuated-tube collector-based SHIP system for low-temperature applications.  

• Compared the SHIP system for 7 different lead mining countries-recommended the highest potential from Australia, Indonesia, 
Peru, Russia, and the USA.  

• Conducted sensitivity analysis based on number of solar collectors installed in SHIP system which is verified for 3 cases of SHIP 
system for two different locations in Australia.  

• Integrated life cycle assessment framework for lead mining process while analyzing the process heating system integrated into the 
mining process. Comparison of the lead mining process with and without SHIP system was also made- Significant potential has been 
shown to reduce environmental burdens in global warming, human toxicity, ecotoxicity, and fossil fuel depletion due to SHIP 
integration. 

Table 11 
Life cycle inventory datasets for the solar thermal system.  

Materials/fuels FPC ETC Unit 

Energy, solar 1.126 1.1334 MJ 
Heat, at flat plate collector 1 1 MJ 
Electricity, low voltage 0.0090226 0.0095765 kWh 
Solar system, flat plate collector 0.00000219 0.0000021 p 
Transport, van <3.5t 0.00024133 0.0002347 tkm 
Water 60 57 kg 
Propylene glycol 43.6 41.4 kg 
Tube insulation 5.2 5.2 kg 
Copper 16 16 kg 
Drawing of pipes 16 16 kg 
Heat storage 0.87 0.87 p 
Pump 3.12 3.12 p 
Expansion vessel 1 1 p 
Collector 12.3 10.5 m2 

Transport 271 231 tkm 
Transport, lorry 20-28t 3.24 3.13 tkm 
Transport, freight 38.9 37.6 tkm  

Table 12 
Comparative LCA Analysis without SHIP system and with integrated SHIP system.  

Impact category Without SHIP System SHIP system with FPC collector SHIP system with ETC collector Unit 

Global warming 2.42 2.38 2.38 kg CO2 eq 
Terrestrial ecotoxicity 35.30 35.26 35.24 kg 1,4-DCB 
Human non-carcinogenic toxicity 30.64 30.68 30.67 kg 1,4-DCB 
Fossil resource scarcity 0.37 0.35 0.35 kg oil eq  
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Fig. 11. LCA results for lead mining process without SHIP integration.  
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The recommendations of the future work are as below: 

• Every potential country should be analyzed based on multiple locations based on different collector orientation, the spacing be-
tween collectors.  

• Detailed economic analysis is recommended in future based on Levelized unit cost, payback period, net present value, and internal 
rate of return. 

8. Conclusion 

In this paper, design optimization and environmental impact analysis based on flat plate collector and evacuated tube collector are 
conducted for solar integrated lead mining process. A comprehensive analysis is presented based on three different types of solar 
industrial process heating systems, buffer tank system with or without flow heater and external heat exchanger. The analysis results 
showed that buffer tank system with solar loop heat exchanger but without flow heater would be the most beneficial in terms of solar 
fraction, emission reduction, and annual fuel savings. These results showed that evacuated tube collector installation in the industrial 
processes would be the most beneficial irrespective of the cost of solar energy. The LCA based analysis shows that the highest impact 
from lead mining occurs in global warming, terrestrial ecotoxicity, human toxicity, and fossil fuel scarcity which is possible to reduce 
to solar process heat integration. In future, this research should be expended based on the solar energy storage system, and the capacity 
of the solar collectors. 
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ETC Evacuated tube collector 
FPC Flat plate collector 
PTC Parabolic trough collector 
LCOE Levelized cost of energy 
SAM System Advisor Model 
SHIP Solar industrial process heating system 
g CO2/kJ Gram carbon-di-oxide emissions per kilojoule 
kJ Kilojoule 
kJ/l Kilojoule per litre 
kWh Kilowatt-hour 
kWh/week Kilowatt-hour per week 
m2 Unit for area-square meter 
m3 Unit for volume-cubic meter 
MJ Megajoule 
MJ/m2 Megajoule per square meter 
MWh/a Megawatt hour per annum 
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