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ABSTRACT 

For sustainable and resilient energy future, cost-efficient renewable energy 

technologies are critical. In this regard, hybridization of concentrated solar power 

with biomass is one of the most promising options for two major reasons (1) 

dispatchability; (2) low carbon emissions. This study aims to propose a 

methodological framework to identify suitable areas for deployment of Hybrid 

Concentrated Solar Biomass (HCSB) powerplants by using a combined Geographic 

Information System (GIS) – Analytical Hierarchy Process (AHP) approach. 

Moreover, Direct Normal Irradiance (DNI) and bioenergy resource potential in 

Pakistan is also evaluated and mapped. At first, different economical, technical and 

meteorological factors were selected after in-depth review of literature. High 

resolution criteria maps were developed for selected factors and unsuitable areas were 

excluded. Weights of selected factors were determined using AHP. Then a final 

suitability map, categorizing all non-excluded areas into five suitability classes was 

achieved. The results show that more than 80 % area of Pakistan (i.e., 684072.15 km2) 

receives DNI > 1800 kWh/m2.year, whereas 19 % of land (i.e., 153978.142 km2) is 

found to have bioenergy potential greater than 45,000 kWh/m2year. Moreover, 

approximately 37 % of land (i.e., 299,431.46 km2) is identified as suitable for 

installation of HCSB projects. The district of Jamshoro (Sindh Province) is found out 

to be the most suitable location, whereas 36 districts lie in the “Highly suitable” class. 

Although, this study is focused on Pakistan, the approach applied informs decision 

makers, in realm of energy planning and development, on a regional level. 

Keywords: Crop residue; Solar energy; solar-biomass hybrid energy; Site suitability; 

Powerplant location; Analytical Hierarchy Process 
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CHAPTER 1 

1 INTRODUCTION 

The energy demand is significantly rising across the globe due to increase in 

population and improving living standards. According to UN population projection, 

the current estimated global population of 7.7 billion, is expected to reach 9.7 billion 

in 2050 (Population | United Nations, n.d.). The global gross domestic product (GDP) 

has increased three times between 1978 and 2018, following an annual growth rate of 

2.9 % from 26,301 billion US$ 2010 to 82,635 billion US$ 2010 (Kober et al., 2020), 

and is expected to increase at even higher rates with rapid socioeconomic 

development (World Energy Scenarios: Composing Energy Futures to 2050 | World 

Energy Council, n.d.). Although in year 2020, a decline of 4 % in global energy 

consumption was observed because of COVID 19 induced restrictions and lockdown 

measures(World Energy Consumption Statistics | Enerdata, n.d.), however, the energy 

demand is expected to rebound post-COVID (Covid-19 Impact on Electricity – 

Analysis - IEA, n.d.). According to International Energy Agency’s (IEA) electricity 

market report 2022 (Electricity Market Report - January 2022 – Analysis - IEA, n.d.), 

global energy demand increased by 6 % in year 2021, which was the highest ever 

annual percentage increase in energy demand since recovery from 2010 financial 

crisis. Therefore, it is crucial to develop more energy resources to cater the increasing 

energy demands. 

At present, the global energy supply heavily leans on nonrenewable fuel resources, as 

major share of global energy consumption is contributed by fossil fuels (Gouareh et 

al., 2021). For year 2020, coal, oil and natural gas continued to be the largest 
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contributors in global energy mix with  31.2 %, 27.2 % and 24.7 % shares 

respectively (bp, n.d.). With intensifying climate change and air pollution issues, and 

depleting fossil reservoirs, global energy mix requires larger share of renewables. 

Climate change mitigation focused policies such as net zero emissions and carbon 

neutral targets have been adopted by different countries around the globe, 

consequently promoting the use of renewables and phasing out of fossil fuels. For 

instance, developed countries such as Austria, Hungary and United Kingdom have 

committed to achieve  carbon neutral status by 2040-2050, while other Asian 

countries such as Japan, China and South Korea aim to achieve it by 2050-2060 (IEA 

et al., 2021).  

Among renewables, solar and wind are the most extensively exploited resources for 

electricity production worldwide (Renewables 2021 Global Status Report | UNEP - 

UN Environment Programme, n.d.). At present, China leads the use of renewables 

(solar, biomass, wind) for electricity production, followed by USA, European Union 

and India (Energy Agency, 2021). A growth of 11 % for renewable resources in 

China’s electricity production mix has been reported for year 2020 (B. Li & 

Haneklaus, 2021), where solar and wind were the key contributors. Significant 

development in use of renewables is also expected in USA in approaching years as a 

result of consistent support at the state and federal levels (Energy Agency, 2021). 

However, the situation is quite different in many developing and underdeveloped 

countries of South-Asia (SA) and Sub-Saharan Africa (SSA) regions. Despite 

significant potential of renewable resources (Energy Trade in South Asia: 

Opportunities and Challenges | Asian Development Bank, n.d.; Shukla et al., 2017), 

these regions are grappling with issues of energy inadequacy, financial instability and 

crippling economies (Human Development Report 2011 - Sustainability and Equity: A 

Better Future for All - World | ReliefWeb, n.d.), questioning their capacity to attain 

Sustainable Development Goal 7 (SDG7) i.e. “clean and affordable energy for all” 

(Home - United Nations Sustainable Development, n.d.). Widening gap between 

energy demand and supply in these regions, makes exploration and use of renewable 

resources for electricity generation indispensable. The focal point of current study is 

exploration of renewable resources, particularly concentrating solar power (CSP) and 

biomass in selected study area and to propose most feasible sites for installation of 

hybridized concentrated solar and biomass power plants.  
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Among solar energy harvesting technologies, global potential for CSP stands at 2.6 × 

109 TWh/year (Köberle et al., 2015), with hotspots located in South Asia (H. L. 

Zhang et al., 2013). CSP technology differs from Photovoltaics (PV) in a manner that 

it makes use of Direct Normal Irradiance (DNI) exclusively to produce electricity 

whereas the latter works in the presence of both Direct Normal Irradiance (DNI) and 

Diffuse Horizontal Irradiance (DHI) (Giamalaki & Tsoutsos, 2019; Gouareh et al., 

2021). CSP technologies include Parabolic Trough Collectors (PTC), Solar Towers 

(ST), Linear Fresnel Reflectors (LFR) and Solar Parabolic Dishes (SPD). Previously, 

various studies have assessed the potential of standalone CSP plants for different 

regions (Islam et al., 2018a; Middelhoff et al., 2021; Tassoult & Haddad, 2019; 

Yushchenko et al., 2018). Significant potential for deployment of CSP projects has 

been reported for Tanzania (Aly et al., 2017), Morocco (Tazi et al., 2018), West 

Africa (Yushchenko et al., 2018), India (Purohit & Purohit, 2017) and Pakistan 

(Ahmad & Zeeshan, 2022). However, despite considerable potential, the global 

installed capacity for the technology grew by trifling 1.6 % in 2020 (Renewables 2021 

Global Status Report | UNEP - UN Environment Programme, n.d.). Relatively high 

costs of CSP and consistent cost reductions for PV systems, have put immense 

pressure over the former in recent times. Conversion of 500 MWe Parabolic Trough 

plant (located in USA) to PV is the most evident example of existing competition 

between the two technologies(Juergen H. Peterseim, Herr, et al., 2014; Whole 1 GW 

Blythe Project to Convert to PV – Pv Magazine International, n.d.). Therefore, in 

order to expand CSP market and to remain competitive, the industry has to further 

signify advantages that arise from energy dispatchability, in addition to lower plant 

costs (Juergen H. Peterseim, Herr, et al., 2014). Hybridization of CSP systems with 

biomass, in this regard, is considered as a viable option (Juergen H. Peterseim, Herr, 

et al., 2014) and is endorsed worldwide (Technology Roadmap - Concentrating Solar 

Power, n.d.). Such hybridization systems, not only provide 100 % renewable energy 

(Herrera et al., 2020), round the clock, but also result in reduction of capital costs 

when compared to standalone CSP plants because of smaller solar field 

footprint(Middelhoff et al., 2021) 

The hybridization of CSP with biomass combustion for electricity generation is 

known as Hybrid Concentrated Solar Biomass (HCSB) power plant (Middelhoff et 

al., 2021). One of the major advantages of hybridizing biomass with CSP technology 
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is its dispatchability in terms of integration with Thermal Energy Storage (TES) 

which makes installations of these systems flexible and more operationally stable 

(Middelhoff et al., 2021). Moreover, electricity generation potential of biomass 

resource alone is underutilized on a global scale primarily because of high 

transportation costs and requirement of biomass storage in large amounts for 

continuous and smooth operation of power plant. Hence, hybridizing biomass with 

CSP technology is an efficient approach as it is not only reported to be economically 

viable and sustainable (Middelhoff, Madden, et al., 2022) but also better net energy 

efficiency has been observed for HCSB powerplants as compared to stand alone 

biomass power plants by (Middelhoff et al., 2021). 

Termosolar Borges’ plant, with nominal capacity of 22.5 MW, located in Spain, is 

considered as one of the oldest working examples of HCSB concept (Termosolar 

Borges CSP-Biomass Power Plant - Power Technology, n.d.). HCSB plants not only 

provide solutions to the problems associated with standalone CSP plants but such 

hybridizations also address the issues and constraints of biomass-only power plants 

(Mohaghegh et al., 2021). Simin et al., reported 31 % reduction in CO2 emissions for 

HCSB plant when compared to standalone biomass powerplant (Anvari et al., 2019). 

Moreover, Peterseim et al., (Juergen H. Peterseim, White, et al., 2014)  reported 4.8% 

reduction in CO2 emissions while studying techno economic feasibility analysis of 

HCSB powerplants for Australia. Similarly, Jonathan et al., reported that by 

hybridizing CSP technology and biomass, dependency on land and biomass can be 

reduced up to 14 – 29 % (Nixon et al., 2012).  

Several studies in literature (Milani et al., 2017; J. H. Peterseim et al., 2014; Juergen 

H. Peterseim, Tadros, et al., 2014; G. Zhang et al., 2016) have focused on the design 

and configuration of HCSB plants, while few others (Middelhoff et al., 2021; 

Middelhoff, Furtado, et al., 2022) have investigated their techno-economic 

feasibilities. The review of literature enlightens that number of studies focused on site 

suitability analysis for HCSB plants is insufficient. To the best of authors’ knowledge, 

only three studies (Middelhoff, Madden, et al., 2022; Juergen H. Peterseim, Herr, et 

al., 2014; Thiam et al., 2017) till date have been published that investigated potential 

locations for installation of HCSB powerplants. These studies considered proximity to 

substations or access to transmission lines, in addition to resource availability, as the 

only identifying factors to locate most suitable areas. Only one study (Thiam et al., 
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2017), conducted in Sahel, Senegal, has been identified to include other factors such 

as water requirement, slope and land availability in their analysis. Nevertheless, the 

study lacked in proposing a structured methodology for the same for the process.  

Selecting ideal locations for large scale powerplants, is considered to be an intricate 

process because of involvement of various meteorological, technical, economic and 

environmental factors (Gouareh et al., 2021). Multi-Criteria Decision Making 

(MCDM) methods, in this regard, are considered to be useful techniques to solve 

complex decision-making problems (Vassoney et al., 2021). Various previously 

published studies (Castro & Silv Parreiras, 2018; Kumar et al., 2017; Simsek et al., 

2018) presented review of MCDM methods in domain of sustainable renewable 

energy development. Also, the application of these methods towards sustainable 

energy planning has been discussed in detail by Pohekar et al., (Pohekar & 

Ramachandran, 2004), where more than 90 published papers were reviewed. After 

exploring existing literature on MCDM, it is found out that over the years, several 

MCDM methods such as TOPSIS (Technique for Order of Preference by Similarity to 

Ideal Solution), AHP (Analytic Hierarchy Process), ANP (Analytic Network Process) 

and Fuzzy AHP have been considered by different researchers (Castro & Silv 

Parreiras, 2018; Kengpol et al., 2013; Pohekar & Ramachandran, 2004), in site 

selection domain. However, Analytical Hierarchy Process (AHP) has emerged out to 

be the most popular technique for solving complex decision-making problems, 

because of its flexibility and robustness (Kumar et al., 2017; Messaoudi et al., 2019). 

Recently, application of AHP coupled with Geographic Information System (GIS) has 

gained popularity among researchers and has been widely employed for site 

suitability analysis of large-scale renewable energy powerplants [7,27]. However, no 

study has been identified that employed integrated GIS-AHP approach for site 

suitability analysis of HCSB powerplants.  

While using MCDM for site suitability analysis of large-scale renewable energy 

powerplants, previous studies observed that selection of criteria, sub-criteria and 

constraint sets for site suitability are arbitrary and may differ depending upon 

renewable technology and region/country. For instance, for CSP plants many 

researchers agree that lands with slope higher than 5 % are not feasible for installation 

(Aly et al., 2017; Yushchenko et al., 2018) whereas for PV powerplants, this limit is 

extended up to 11 % (Noorollahi et al., 2016). 
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Like many developing countries, Pakistan is undergoing industrialization and thus 

experiencing annual growth rate of 5 % in its energy demand, while facing severe 

multifaceted energy shortages (Renewables Readiness Assessment: Pakistan, n.d.). 

According to International Renewable Energy Agency (IRENA), more than 70 % of 

country’s energy mix is acquired by fossil fuels with renewable resources holding 

share of less than 4 % (excluding hydropower), one of the lowest in the region 

(ENERGY PROFILE, n.d.). Although the Government of Pakistan introduced its 

renewable energy policy in 2006 and developed the road map to promote renewable 

resources, yet the focus has been on deployment of PV and wind power systems, with 

no development projects of CSP or hybrid technologies in pipeline. Several of the 

previous studies have assessed the potential of standalone CSP plants for Pakistan 

(Ahmad & Zeeshan, 2022; Farooq & Shakoor, 2013; Tahir et al., 2021) while few 

others have discussed the dynamics of bioenergy potential in the country (Azhar et al., 

2019; Rehman Zia et al., 2020). However, no study has been identified that performed 

site suitability analysis for HCSB projects in the country.  

The research gaps identified through the reviewed literature can be summarized as: 

• Insufficient number of studies for site suitability analysis of large scale HCSB 

powerplants, 

• Lack of comprehensive and well-defined framework for site suitability analysis of 

hybrid CSP/biomass projects, 

• Non-incorporation of integrated GIS-AHP approach for assessment of suitable 

sites for HCSB powerplants. 

1.1 Objectives 

The objectives of current study are defined below:  

➢ To develop annual bioenergy and DNI resource potential maps for of Pakistan. 

➢ To locate suitable sites for installation of HCSB powerplants in                          

Pakistan using an integrated GIS-AHP approach. 



7 
 

 

 

 

 

 

 

CHAPTER 2 

2 LITERATURE REVIEW 

Particularly when it comes to the power industry, renewable energy technologies have 

progressively increased their percentage in the world's energy mix. There are several 

factors contributing to this tendency, most of which are related to various global 

concerns. The need for alternate energy sources, climate change, and sustainable 

development are just a few of the issues that have prompted technical growth in the 

energy industry. However, these clean energy technical advancements must be 

hastened if climate change targets such as limiting global warming up to 2°C by 2050 

are to be met (Human Development Report 2011 - Sustainability and Equity: A Better 

Future for All - World | ReliefWeb, n.d.). 

Solar energy is a viable resource for the creation of clean energy. The amount of solar 

energy that reaches the surface of the globe each year (roughly 885 million TWh) 

makes it the most plentiful energy source on Earth (Kober et al., 2020). The yearly 

energy consumption of the whole human population, which is expected to be 104,426 

TWh by 2012, may be more than covered by this quantity of energy. The fact that the 

distribution of solar radiation throughout the planet's surface is not uniform and is 

continually changing, however, poses a significant technological problem (H. L. 

Zhang et al., 2013). This is said to be one of the reasons why solar energy hasn't 

always been used to its full potential. The global solar radiation map is depicted in 

Figure 2.1. Solar Radiation in Figure 2.1 is calculated using average yearly global 
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irradiance data.  It has been demonstrated that certain places are better suited than 

others for the development of solar energy. 

However, recent technological developments and price drops, driven by policies 

emphasizing the need to speed up the development of clean energy, have resulted in 

the profitable infiltration of solar power in suitable markets (e.g., South Africa) and 

other industrialized countries (such as Germany). (IEA et al., 2021). Photovoltaics 

(PV) solar power and concentrated solar power (CSP) are the only two primary forms 

of solar energy technologies that are currently extensively used and capable of 

harvesting this plentiful energy source. The focus of this chapter, along with biomass 

energy resource, is on the latter because it is the major topic of this thesis. 

2.1 Concentrating Solar Power 

Solar energy is captured and concentrated using the Concentrating Solar Power (CSP) 

technology to create a heat source with high temperature that may be utilized to 

generate electricity or heat (for example, for industrial operations). In a solar plant 

using CSP technology, specifically, the direct solar irradiation is concentrated using a 

solar collector field of mirrors, which concentrates the energy into a receiver. A 

source of high-temperature heat is created here through the absorption of energy 

(Kwak et al., 2021). By using this heat to run a typical power cycle, electricity may be 

produced. Because high-temperature heat is produced as an intermediary stage, CSP 

plants may add affordable thermal energy storage units (TES) technologies that are 

beneficial for storing energy later use. Like normal power generating cycles, the 

Figure 2.1: Map depicting global solar irradiance (Meteonorm Global Meteorological Database) 
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technology's coupling to them makes it adaptable enough to enable hybridization with 

different resources (Messaoudi et al., 2019). The flow chart given in Figure 2.2 serves 

as a general summary of this procedure.  

 CSP plants are "dispatchable" since one of their main competitive advantages is their 

ability to supply regulated power on demand, either through TES integration or 

through hybridization. In reality, CSP and biomass are two of the few renewable 

dispatchable choices that have already gained traction in the market for large-scale 

power generation. Because of its dispatchability, a CSP plant may be created to 

perform a variety of functions within the energy system (Haddad et al., 2021).  

2.2 Key Components of a CSP Plant 

The three main components of a CSP plant are: 

1. The Solar Field (including the receiver) 

2. The Thermal Energy Storage (TES) system 

3. The Power Block 

The following sub sections provide detail understanding of the components of CSP 

plant. 

2.2.1 The Solar Field 

As a result of the solar field (SF) block's role in focusing solar energy, high 

temperatures are created. The heat transfer fluid (HTF), the receiver, and collector 

field are its three main components. The heat transfer fluid, or HTF, is a fluid that 

moves through the receiver and can carry energy. For categorization of solar field 

following two important criteria are considered: 

1. Fixed or Mobile receiver type SFs. 

Figure 2.2: Flow chart depicting process flow in a CSP plant. 
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2. Line or Point focus collection systems. 

The receiver in a fixed type receiver SF is a stationary component that doesn't depend 

on the focusing collector, making it easier to transfer heat to the power block, which 

is also frequently stationary. On the other hand, a "mobile receiver type" travels with 

the collector, theoretically allowing it to increase optical efficiency and therefore 

capture more energy (Guedez et al., 2015). 

Regarding second criterion, line focus SFs are made up of collectors that can only 

follow the position of the Sun along one axis, concentrating the energy on a linear 

receiver (such as a tubular one). In contrast, point focus SFs are made of mirrors that 

each include a two-axis tracking system that enables them to concentrate radiation at a 

single location. This improves optical efficiency and makes it possible to raise the 

temperature at the receiver. Next, a quick summary of the four primary SF 

technologies is given (R. Guédez et al., 2015a). 

(a) Parabolic Trough Collectors 

Mobile linear-focus collectors called Parabolic Trough (PT) collectors are made up of 

parabolic-shaped reflectors that concentrate light onto a tubular receiver. It accounts 

for over 85% of all CSP installations worldwide and is the most developed CSP 

technology available. In Figure 2.3, the technique is depicted both schematically (on 

the left) and in use (on the right). The HTF (often oil) is passed via the receiver in PT 

concentrators, which is typically made of a metal pipe that is encased in a vacuum 

tube (to reduce convection losses) (Juergen H. Peterseim, Tadros, et al., 2014). The 

maximum temperature for traditional systems is now 390 °C due to HTF property 

restrictions. The mirror area should be increased, and the HTF qualities should be 

improved, according to research. In a steam-cycle, for instance, the heat transported 

by the HTF is commonly employed to produce steam (Rafael Guédez et al., 2014).  
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Figure 2.3: Parabolic Trough Collectors. Schematics (left) and real operation (right) (Source: Tamme et 

al., 2003) 

(b) Linear Fresnel Technology 

PT collectors are counterparts of linear Fresnel (LF) reflectors. As seen on the left 

side of Figure 2.4. The long row flat mirror segments that make up LF collectors are 

concentrated on a fixed linear receiver. The synchronous rotation of the flat mirrors 

keeps the receiver in focus while allowing for a lot of design flexibility. These 

systems, as opposed to PTs, offer the benefits of a low profile and a less complicated 

permanent structure, which might result in cheaper costs. These systems are still less 

common than PT collectors since the cheaper prices do not appear to make up for the 

lower efficiency (H. L. Zhang et al., 2013). 

 

Figure 2.4: Linear Fresnel Collectors: Schematics (left) and real operation (Source: Zhu et al., 2014) 
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(c) Solar Tower Technology 

A group of tracking mirrors, known as heliostats, are used in central receiver (CR) 

systems or solar tower systems to focus direct solar radiation onto a central receiver 

mounted at a certain height, sometimes referred to as the tower (Figure 2.5 left). Solar 

tower power plants (STPPs) is another name for these devices. So far, this technology 

has had the highest growth, making up around 14% of the installed CSP capacity 

(Soria et al., 2015). On the right side of Figure 2.5, an aerial shot of the Gemasolar 

solar tower power plant (STPP) located in southern Spain is shown. 

Because the conversion processes of solar energy to heat and further heat to electricity 

take place in a small space, STPPs are easier to operate. Other benefits of such a 

technology include its ability to operate at greater temperatures than PTs, its ability to 

incorporate a number of commercially available TES systems, and its enormous 

potential for cost and efficiency savings considering that it is still a relatively new 

technology (Guedez et al., 2016). 

The type of HTF and TES system taken into consideration affects the STPP designs. 

Currently, there are three HTF options: air, molten salts, and water/steam. Direct 

steam generation (DSG) systems are employed when water is used as heat transfer 

fluid in a CSP plant. Water is frequently used as the HTF in STPPs, commonly 

referred to as DSG-STPPs. The primary advantage of DSG systems is that they do not 

need intermediary heat carriers, which lowers system-wide conversion losses. 

However, a fundamental downside of DSG-STPPs is that there is now no TES system 

that is cost-effective for such a technology. 

 

Figure 2.5: Solar Tower Plant: Schematics (left) and under real operation (right) (Source: Burgaleta, 

n.d.) 
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(d) Parabolic Dish Technology 

Parabolic dish systems (PDs) are made up of several mirrors arranged to resemble a 

segment of a paraboloid. They direct the energy towards the focal point, which is 

home to a receiver. With the best optical efficiency of any commercial concentrator 

and the ability to operate at greater temperatures, PDs use a two-axis tracking 

mechanism. Either a local engine uses the heat gathered in the receiver, or it is sent to 

a plant on the ground. Based on the adoption of Stirling engines, this technology is 

being used the most frequently. PDs using Stirling engines have shown to have the 

greatest sun-to-electricity efficiency of any commercial solar applications (almost 

30%) (Lovegrove & Stein, 2012). The versatility of a PD system is an additional 

benefit. The dish concentrator, receiver, and power block (the three main parts of a 

PD-CSP technology) are shown in Figure 2.6, which displays a straightforward 

schematic of the technology. 

But even now, this technology is still being utilized for demonstrations. Its market 

acceptance has been hampered by costs and the lack of a workable commercial TES 

solution. However, there are a lot of chances for cost savings if the units are produced 

in large quantities. A TES system's possible integration is another factor that may be 

disruptive. The technique is still worth researching because of the potential for cost 

reduction and TES integration.  

 

Figure 2.6: Parabolic Dish Systems: Schematics (left) and under real operation (Mohaghegh et al., 

2021)  
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2.2.2 The Thermal Energy Storage System 

Energy storage is the practice of conserving energy so that it may be used at a later 

time to complete useful tasks. (Gil et al., 2010). Heat is the usable energy that moves 

across the storage system in TES. Cost-effective TES systems may be integrated into 

CSP facilities to provide regulated power on demand. Compared to other renewable 

energy methods, this is a distinct benefit. Depending on the structure of the CSP plant, 

the necessary heat capacity and temperature, and most crucially, the intended 

operating strategy, a variety of TES designs and materials can be taken into 

consideration during the pre-design stage (Lovegrove & Stein, 2012). 

Indeed, CSP plants with TES may perform a variety of distinct market functions 

depending on their design (layout, component size, and operation). CSP plants play a 

variety of important functions, according to the IEA Solar Technology Roadmap 

(IEA, “Technology Roadmap: Solar Thermal Energy”, Technical Report, IEA, Paris, 

2014. - Google Search, n.d.). The production of stable and dispatchable baseload and 

mid-merit electricity is one potential role in a future market with a high proportion of 

renewable energy sources, where CSP may act as the grid's skeleton. Second, the 

availability of quick-response peaking power to balance out fluctuations in other 

renewable energy technologies that are not dispatchable, such wind and solar PV. 

Depending on the specific CSP plant architecture and TES concept, several TES 

system sizes and operating methods may be employed (Islam et al., 2018a). 

Thermal energy storage (TES) is classified based on two categories: 

1. Storage media 

2. Storage system 

2.2.2.1 Commercially deployed TES systems for CSP plants 

By combining various TES media and concepts, many TES systems may be 

constructed and ultimately integrated into a CSP plant. Many TES systems are now 

undergoing large-scale demonstrations, and others have already attained market 

maturity for CSP applications. This section's goal is to give a brief summary of the 

most cutting-edge TES systems that are now offered or almost ready to be made 

accessible for CSP applications. 
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(a) Two Tank Molten Salt Systems 

Nowadays in CSP facilities, the most widely used technology is two-tank TES 

systems (Gemasolar, the First Tower Thermosolar Commercial Plant with Molten 

Salt Storage, n.d.). The bulk of the time, molten salts are used as the TES medium in 

two-tank TES systems, which are S-TES systems. As was already indicated, these 

systems fall under the category of active TES systems since, while being charged and 

discharged, the molten salt itself circulates via a heat exchanger. There are two types 

of molten salt systems used today: direct (such as MS-STPPs) and indirect (such as 

parabolic via CSP plants). Figure 2.7 shows two two-tank systems that are in use. On 

the left side, it is stated that the MS-STPP's two-tank system is operational. On the 

right, you can observe the "Andasol I" parabolic trough CSP plant's TES system (The 

Andasol Solar Power Station Project - Power Technology, n.d.). 

 

Figure 2.7: Two tanks TES systems in Germasolar (left), and in Andasol I (right) (Source: The Andasol 

Solar Power Station Project - Power Technology, n.d.) 

The two-tank TES system's key benefit is its simplicity in regulating the charging and 

discharging procedures (Koçak et al., 2020), which facilitates seamless integration 

with the other blocks of power plant (i.e., the power block and the solar field). Their 

biggest drawback, however, is that they need two huge, similarly insulated tanks to 

serve as buffers (Gil et al., 2010). Each tank in these systems can hold all of the TES 

media that is available in the plant. Large investments are needed for this. 

Additionally, the chosen TES medium of molten salts imposes a restriction on the 

system's operating temperature range. Modern industrial salts are distinguished by 

having a high freezing point of 250°C and a maximum working temperature of around 

580°C, which is consistent with how industrial steam cycles operate. This final step 

increases the system's complexity by requiring extra preheating stages in the power 
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block and the installation of electric heat-tracing devices along the TES system's pipes 

(Gil et al., 2010; Koçak et al., 2020). 

(b) High temperature concrete storage systems 

A possible cost-competitive TES system alternative has been use of materials that are 

concrete based for solar TES systems (Tamme et al., 2003). However, utilizing 

concrete raises questions about its durability (Gil et al., 2010) and makes it difficult to 

construct a precise heat exchanger (for example, in the form of embedded pipes). 

These two key factors have made it difficult to use TES technologies utilizing this 

medium in a significant CSP project. 

In Figure 2.8, a commercially accessible concrete-based solution is seen being tested 

in the field. This is based on a design of a heat exchanger that was initially put out by 

(Tamme et al., 2003) and is covered by a storage insulating box. It is comparable to 

the one that is seen in the left of the picture. This concept's creators assert that it can 

operate cycle after cycle at temperatures ranging from 50°C to 565°C. Additionally, 

they guarantee that the concept is robust and scalable, making it ideal for meeting 

medium- to large-scale storage requirements (Gil et al., 2010). Additionally, they 

assert that these qualities apply for a variety of HTFs. Disruptive technology for 

integration in direct steam producing plants might potentially result from the 

introduction of such a water-steam idea as HTF. Currently, tests are being conducted 

utilizing oil as HTF (Koçak et al., 2020)  

. 

Figure 2.8: Schematics of concrete TES system (left) and real demonstration (right) (Source: Morisson 

et al., 2008) 



17 
 

2.2.3 The power block 

In CSP facilities, energy may be produced using a variety of traditional 

thermodynamic power units. The temperature that can be reached in the receiver has a 

major role in the power block selection (J. D. Spelling, 2013). As a result, some 

power cycles are more suited than others for particular CSP systems. All CSP plants 

now employ industry-standard power block systems. The possible power cycles for 

CSP applications are summarized in Table 2, together with the applicable temperature 

ranges and their usual cycle efficiencies (J. D. Spelling, 2013). 

Table 2.1: Typical power generation cycles for CSP applications 

Power Cycle Working Fluid Temperature 

Range 

Cycle Conversion 

Efficiency 

Rankine Organic Fluid < 250°C 10 – 20 % 

Water / Steam 250 - 600°C 30 – 40 % 

Stirling Engine Helium 600 – 850°C 30 – 50 % 

Brayton Air > 850°C 30 – 40 % (Simple 

Cycle) 

45 – 60 % 

(Combined Cycle) 

 

Table 2.1 suggests that one of the most promising possibilities for CSP to improve its 

competitiveness (J. D. Spelling, 2013) is the usage of simple or mixed cycle designs 

for high-efficiency Gas-Turbine (GT) cycles (Brayton) (J. Spelling et al., 2015) (with 

a bottoming Rankine steam-cycle (Steam Turbine-Shandong Qingneng Steam Turbine 

Co.,Ltd., n.d.)). However, GT cycles can only run at high efficiency when 

temperatures above 1200°C are used. When considered for CSP applications, this 

offers new difficulties. The receiver side's material restrictions (maximum permitted 

temperature) and the absence of commercial TES (which is one of the key advantages 

of CSP plants) solutions for such high temperatures are two significant ones (R. 

Guédez et al., 2015b). In this sense, the use of GT for CSP applications is still a work 

in progress, and no significant system has been created to far. 
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2.3 Biomass energy potential in Pakistan 

Biomass is employed extensively in industrialized nations despite a variety of 

difficulties and governmental regulations (Roni et al., 2017). According to Figure 2.9 

the total amount of energy available worldwide in 2050 will be around 1041 Mto. By 

then, biomass will have the ability to produce around 1150 Mtoe of energy on its own, 

which may contribute significantly to the global energy mix. Globally, policymakers 

increasingly view bioenergy as the most significant renewable source, both now and 

in the long run (Welfle et al., 2014). Biomass is the fourth-largest source of energy, 

behind coal, oil, and gas. And unlike hydro, solar, and wind, it is available 

everywhere. 

 

Figure 2.9: Trend of world's bioenergy installed capacity (IRENA) 

And unlike hydro, solar, and wind, it is available everywhere. Only 5% (225 EJ) of 

the 4500 EJ of biomass produced worldwide can provide 50% of the world's current 

need for sustainable energy. However, instead of making up 50% of the overall land 

area, the land designated for energy crops makes up just 10% of the total area and 

0.5–2% of the agricultural land. Therefore, the future seems bright, and although if its 

potential depends on local rules and incentives, investors still find it appealing 

because of its high availability and affordable fuel (Welfle et al., 2014). 

It has been noted that a nation's agricultural productivity and technological uptake 

both play important roles in the economics of bioenergy. Due to a lack of available 

technology and a dysfunctional market, power costs are higher in emerging and 

underdeveloped nations. Similar to this, feedstock costs are relatively low in countries 

with an agricultural economy, which lowers overall costs. Because bioenergy's 
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Levelized Cost is at the low end of a wide range for economies based on agriculture, 

it is economically more viable than fossil fuels (Paolotti et al., 2017). 

Biomass unquestionably offers a benefit, particularly for a nation like Pakistan that 

spent billions of dollars importing fossil fuels. The concentration of biomass leftovers 

in the vicinity of that plant is another aspect that affects it (Okeke & Mani, 2017). 

However, social benefits of biomass, such as the creation of jobs and supply networks 

for bioenergy, are also related to its economic benefits. Some users are even ready to 

pay more for power in exchange for the substitution's positive externalities. 

Consequential life-cycle assessment approaches (CCLA) (Gasol et al., 2011) have 

been used in several research to analyze the environment. This outlines the 

environmental effects brought on by the establishment of a new power plant across 

the board. Additionally, environmental effects limit the technological potential since a 

portion of the residue must stay on the site to control the ecosystem and allay worries 

about soil erosion and nutrient cycle (Naqvi et al., 2018). 

A safe and ecologically beneficial method of power generation is biomass. Diverse 

biomass resources, such as agricultural wastes and animal wastes, offer the potential 

to produce bioenergy with lower greenhouse gas emissions. 130 GW of installed 

biomass energy capacity has been achieved globally. Given that 63% of Pakistan's 

population lives in rural regions, the home sector accounts for 76% of all biomass use 

(Irfan et al., 2020). Potential biomass resources utilised for energy production in 

Pakistan include animal waste, forest leftovers, agricultural residues, and city solid 

waste. All of these resources work together to produce 230 billion t of biomass 

annually. There is a potential for 652 M kg of manure, 230,000 t of agricultural 

residues, and 60,000 t of solid trash per day in the animal and agricultural waste 

resources. These biomass resources may be converted into worthwhile goods through 

effective biochemical and thermochemical processes. Due to its significant fuel 

product qualities, biomass is regarded as being highly appropriate for energy 

generation (Azhar et al., 2019; K Hossain & Badr, 2007). 

When compared to fossil fuels, biomass resources often emit less carbon and other 

emissions, although this is not always the case and relies on a variety of factors, 

including the kind of biomass resources and how the fuel is generated and transported 

to the desired locations (Panepinto et al., 2015). 
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2.4 Hybridization Concepts of CSP and Bioenergy 

Numerous HCSB plant design proposals have been put out in the literature (e.g., 

Termosolar Borges plant in Leida, Spain), but few have been implemented. A variety 

of power cycles, including as the Organic Rankine Cycle (ORC) and micro-gas 

turbines, have been examined in HCSB facilities. This section offers a brief 

assessment of HCSB plant concepts and prior deployments with the aim of identifying 

a highly effective and mature plant design for this case study (Juergen H. Peterseim, 

White, et al., 2014). 

The most used HTF for parabolic trough collectors is thermal oil. Solar steam can 

only achieve a maximum temperature of around 400 C due to thermal oil, which is 

lower than the normal steam temperatures attained in bioenergy facilities, which range 

between 450 and 520 C depending on the feedstock. The use of thermal oil in a highly 

efficient HCSB plant restricts the Rankine cycle's feed-in points, including solar 

feedwater heating and extra steam production 'in-series' with the biomass boiler 

(Juergen H. Peterseim, Tadros, et al., 2014). The process by which saturated steam 

that leaves the solar system at a temperature of about 393 °C is superheated to 

temperatures between 450 and 520 °C by the biomass boiler before entering the high-

pressure turbine is known as "in-series" generation, a solution that has also been 

chosen for the Termosolar Borges HCSB plant. At a maximum temperature of 450 

°C, DSG generation may be used with both linear and parabolic trough collectors. 

This steam parameter enables the use of a biomass boiler in "in-parallel" with solar 

feed-in. In this mode of operation, both technologies simultaneously produce steam 

for the steam turbine. The "Scalable CSP Optimised Power Plant Engineered with 

Biomass Integrated Gasification" (SCOPEBIG) project, referenced by Soares, was 

started in 2015 in Barun, India, and it served as a test bed for this idea. Biomass 

combustion produces superheated steam for the high-pressure turbine in this 3 MWe 

parabolic trough HCSB power system, while CSP produces saturated steam through 

DSG for the low-pressure turbine. Molten salts and DSG are only two examples of the 

many HTF that CSP tower hybrids might deploy. A simple and direct integration of 

molten salt storage without the need for an extra heat exchanger is provided by the 

use of molten salts as HTF. Higher cycle efficiency is achieved by using DSG and 

molten salts, which may be used in thermal oil at temperatures and pressures greater 

than 500 °C and 100 bar, respectively. These steam parameters enable the operation 
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of a biomass boiler in "parallel" with solar feed-in. To reduce high temperature 

corrosion and ash melt, steam temperatures in the CSP tower can be set based on the 

ideal combustion temperature for particular biomass feedstock types (Guedéz et al., 

2016). 

Several studies in literature (Milani et al., 2017; J. H. Peterseim et al., 2014; Juergen 

H. Peterseim, Tadros, et al., 2014; G. Zhang et al., 2016) have focused on the design 

and configuration of HCSB plants, while few others (Middelhoff et al., 2021; 

Middelhoff, Furtado, et al., 2022) have investigated their techno-economic 

feasibilities. Table 2.2 elaborates some of the recently published studies focused on 

CSP/biomass hybridization. The review of literature enlightens that number of studies 

focused on site suitability analysis for HCSB plants is insufficient. To the best of 

authors’ knowledge, only three studies (Middelhoff, Madden, et al., 2022; Juergen H. 

Peterseim, Herr, et al., 2014; Thiam et al., 2017) till date have been published that 

investigated potential locations for installation of HCSB powerplants. These studies 

considered proximity to substations or access to transmission lines, in addition to 

resource availability, as the only identifying factors to locate most suitable areas. Only 

one study (Thiam et al., 2017), conducted in Sahel, Senegal, has been identified to 

include other factors such as water requirement, slope and land availability in their 

analysis. Nevertheless, the study lacked in proposing a structured methodology for the 

same for the process.  

Table 2.2: Summary of previous studies related to Hybrid Concentrated Solar Biomass (HCSB) 

powerplants 

Study area Research domain 
CSP 

technology 

Biomass feedstock 

Type 
Ref 

Australia 

Design, evaluation 

of technoeconomic 

analysis and 

environmental 

performance 

ST Rice straw 
(Middelhoff 

et al., 2021) 

Australia 

Ideal areas for 

HCSB plants 

installation and 

annual electricity 

potential 

ST, LFR 

Forestry residues, 

Bagasse, urban 

wood waste, refuse 

derived fuels, 

stubble 

(Juergen H. 

Peterseim, 

Herr, et al., 

2014) 

India 

Feasibility of 

hybrid solar-

biomass in India. 

LFR 

Rice husk, coconut 

shells, bio-bricks 

(composed of 

sawdust, ground 

(Nixon et 

al., 2012) 
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Study area Research domain 
CSP 

technology 

Biomass feedstock 

Type 
Ref 

nut husk, coffee 

husk and tamarind 

husk) 

New South 

Wales 

(NSW), 

Australia 

Assessment of 

electricity 

generation 

potential and 

identification of 

possible sites for 

HCSB plants 

ST 

Bagasse, stubble 

and forestry 

residues 

(Middelhoff, 

Madden, et 

al., 2022) 

Europe 

Technological 

assessment of 

solar-biomass 

systems for power 

generation 

ST, PTC, 

LFR 

Agricultural 

residues, forestry 

residues, biomass 

from waste 

(Hussain et 

al., 2017) 

Brazil 

Proposed and 

analyzed various 

options for HCSB 

plants 

PTC Jurema-preta wood 
(Milani et 

al., 2017) 

Australia 

Enabling Cost 

effective strategies 

for HCSB plants 

PTC 
Agricultural 

regions 

(Juergen H. 

Peterseim, 

White, et al., 

2014) 

Sahel, 

Senegal 

Assessment of 

generation 

potential and 

identification of 

suitable areas for 

HCSB plants 

Not defined 

Animal waste, 

Typha Australys 

Plant 

(Thiam et 

al., 2017) 

Bahia, 

Brazil 

Deployment of 

HCSB plants 
PTC Jurema-preta wood 

(Soria et al., 

2015) 
 

From the above studies, it can be concluded that resource requirement for hybrid 

CSP/biomass projects is low as compared to standalone CSP and biomass 

powerplants. For instance, where standalone CSP plants require DNI > 2000 

kWh/m2.year (Aqachmar et al., 2019; Islam et al., 2018b), installation of HCSB 

projects is feasible on areas receiving DNI within the range of 1600 -1800 

kWh/m2.year (Middelhoff, Madden, et al., 2022; Thiam et al., 2017). Also, biomass 

feedstock requirement for HCSB plants is lower as compared to that for biomass only 

powerplant (Middelhoff, Madden, et al., 2022; Nixon et al., 2012) due to offset 

energy production from solar energy. This is highly beneficial because not only it 

results in reduced emissions (Middelhoff et al., 2021) but it also leads to the 
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implementation of circular economy approach in agricultural sector (Mission Possible 

| Energy Transitions Commission, n.d.).  

2.5 Multicriteria Decision Making (MCDM) Methods 

Selecting ideal locations for large scale powerplants, is considered to be an intricate 

process because of involvement of various meteorological, technical, economic and 

environmental factors (Gouareh et al., 2021). Multi-Criteria Decision Making 

(MCDM) methods, in this regard, are considered to be useful techniques to solve 

complex decision-making problems (Vassoney et al., 2021). Various previously 

published studies (Castro & Silv Parreiras, 2018; Kumar et al., 2017; Simsek et al., 

2018) presented review of MCDM methods in domain of sustainable renewable 

energy development. Also, the application of these methods towards sustainable 

energy planning has been discussed in detail by Pohekar et al., (Pohekar & 

Ramachandran, 2004), where more than 90 published papers were reviewed. After 

exploring existing literature on MCDM, it is found out that over the years, several 

MCDM methods such as TOPSIS (Technique for Order of Preference by Similarity to 

Ideal Solution), AHP (Analytic Hierarchy Process), ANP (Analytic Network Process) 

and Fuzzy AHP have been considered by different researchers (Castro & Silv 

Parreiras, 2018; Kengpol et al., 2013; Pohekar & Ramachandran, 2004), in site 

selection domain. However, Analytical Hierarchy Process (AHP) has emerged out to 

be the most popular technique for solving complex decision-making problems, 

because of its flexibility and robustness (Kumar et al., 2017; Messaoudi et al., 2019). 

Recently, application of AHP coupled with Geographic Information System (GIS) has 

gained popularity among researchers and has been widely employed for site 

suitability analysis of large-scale renewable energy powerplants [7,27]. However, no 

study has been identified that employed integrated GIS-AHP approach for site 

suitability analysis of HCSB powerplants.  

While using MCDM for site suitability analysis of large-scale renewable energy 

powerplants, previous studies observed that selection of criteria, sub-criteria and 

constraint sets for site suitability are arbitrary and may differ depending upon 

renewable technology and region/country. For instance, for CSP plants many 

researchers agree that lands with slope higher than 5 % are not feasible for installation 

(Aly et al., 2017; Yushchenko et al., 2018) whereas for PV powerplants, this limit is 

extended up to 11 % (Noorollahi et al., 2016). 
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CHAPTER 3 

3 MATERIAL AND METHODS 

To select the most feasible sites for development of HCSB power projects in Pakistan, 

various meteorological, economical, technical, and environmental factors were 

selected. ArcMap was used for the development of raster maps of selected evaluation 

criteria. Afterwards, relative importance weight of each criterion was calculated using 

AHP, followed by reclassification of raster maps from 1 to 5 (1 being the least and 5 

being the most suitable). Finally, weighted overlay was performed in ArcGIS (ArcGIS 

Desktop | Desktop GIS Software Suite, n.d.) and most suitable sites for HCSB projects 

in Pakistan were identified. The overall method followed in the study has been 

summarized in Figure 3.1 and is elaborated in the following subsections. 

3.1 Study area 

This study covers Pakistan, situated in South Asia, located between longitudes of 60° 

E - 76° E and latitudes of 23° N – 27° N. Pakistan is the sixth most populous country 

in the world with total population of 207.8 million (Final Results (Census-2017) | 

Pakistan Bureau of Statistics, n.d.). With an area of 796,096 km2 (Final Results 

(Census-2017) | Pakistan Bureau of Statistics, n.d.), it ranks 36th in the list of largest 

countries. Pakistan has substantial potential of solar and biomass energy. More than 

70% of the land receives solar radiations (i.e. DNI) greater than 1800 kWh/m2.year 

(Ahmad & Zeeshan, 2022; Stökler et al., 2016), which makes it favorable for 

installation of CSP plants. Moreover, copious amounts of different crops (such as 

wheat, rice, sugarcane, maize and cotton) are harvested each year, resulting in large 
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quantities of crop residue that can be used for power generation (Irfan et al., 2020; 

Naqvi et al., 2018). Annual crop production for the last five years of major crops in 

the country are shown in Figure 3.5. It is important to mention that study area 

includes four provinces of Pakistan i.e., Punjab, Sindh, Khyber Pakhtunkhwa (KPK), 

and Balochistan. Areas of Gilgit-Baltistan (GB) and Azad Jammu and Kashmir (AJK) 

have not been included due to lack of biomass data availability. Administrative map 

of Pakistan is given as Figure 3.2. 

3.2 Datasets Description 

Description of all the used datasets is summarized in Table 3.1. The datasets are 

further discussed in the following subsections: 

Table 3.1: Description of datasets used and their sources. 

Parameter  Spatial resolution Temporal 

resolution 

Source  Ref  

DNI 0.05° 1996 - 2016 The Satellite 

Application 

Facility on Climate 

Monitoring 

(CMSAF) 

(Amillo et al., 

2014) 

Biomass (Punjab) - 2017 - 2018 Agriculture 

Marketing 

Information 

Service (AMIS) 

(Untitled Page, 

n.d.) 

 

 

Biomass (Sindh) - 2017 - 2018 Sindh Bureau of 

Statistics 

(Development 

Statistics | 

Sindh Bureau 

of Statistics, 

n.d.) 

Biomass (KPK) - 2017 - 2018 KPK Bureau of 

Statistics 

(Bureau of 

Statistics | 

Khyber 

Pakhtunkhwa, 

n.d.) 

 

Biomass 

(Balochistan) 

- 2017 - 2018 Balochistan Bureau 

of Statistics 

(Bureau of 

Statistics – 

Government of 

Balochistan, 

n.d.) 

Water stressed 

areas 

- 2019 Aqueduct 3.0: 

Updated Decision-

Relevant Global 

Water Risk 

Indicators 

(Aqueduct 3.0: 

Updated 

Decision-

Relevant 

Global Water 

Risk 

Indicators| 

World 

Resources 

Institute, n.d.) 

Land cover  300 m 2020 Copernicus (Land Cover 
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Parameter  Spatial resolution Temporal 

resolution 

Source  Ref  

Climate Change 

Service (C3S) 

Classification 

Gridded Maps 

from 1992 to 

Present 

Derived from 

Satellite 

Observations, 

n.d.) 

Road network - 2018 WFPGeoNode 

(Extracted from 

OpenStreetMap) 

(Pakistan Road 

Network (Main 

Roads) — 

WFP 

GeoNode, n.d.) 

Transmission 

network 

- 2017 The World Map – 

Data Catalog  

(Extracted from 

OpenStreetMap) 

(Pakistan - 

Electricity 

Transmission 

Network | Data 

Catalog, n.d.) 

Elevation  30 m 2021 Advance Land 

Observing Satellite 

(Tadono et al., 

2014) 

Slope  30 m - Derived from 

Elevation 

- 

Population 

density 

1 km 2020 WorldPop 

Population Count 

Datasets 

(WorldPop :: 

Population 

Density, n.d.) 

Water bodies  30 m 1984 - 2020 Land Remote 

Sensing Satellite 

(LANDSAT) 

(Pekel et al., 

2016) 
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Figure 3.1: Framework of methodology adopted for site selection process of HCSB powerplants. 
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Figure 3.2: Map of Pakistan with district names 
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3.3 Data processing and mapping 

Data processing and consequent map generation is explained in the following 

subsections.  

3.3.1 Exclusion criteria maps 

Considering the varying nature of the land or resource availability, some area was 

considered not suitable for the plant deployment and thus an exclusion criterion was 

applied to the total land. The factors considered in exclusion process are given as 

following. 

(a) Urban expansion 

Pakistan is rapidly undergoing urbanization with annual growth rate of 2.77 % (Fahad 

et al., 2021). It has been estimated that in coming 10 to 15 years, almost half of 

country’s population will be residing in urban areas (Fahad et al., 2021), leading to 

significant alterations in its landcover (Shah et al., 2021). Rapid increase in country’s 

population is considered to be one of the most important factors responsible for 

acceleration in urban sprawl (Fahad et al., 2021; Shah et al., 2021). Therefore, it is 

important to consider potential urban expansion, while investigating suitable sites for 

large scale power plants. 

The potential expansion in urban area (km2) by 2045 (considering service life of ~25 

years for powerplant) was calculated by using Eq. (1) and resulting areas were 

excluded from land cover map.  

𝑈𝐸2045  =  𝑃2045  ×  𝐴𝑠𝑝 (1) 

Here UE2045 denotes urban expansion by 2045 (km2) for given polygon identified as 

urban area currently, P2045 denotes the projected population of the polygon by 2045 

calculated by Eq. (2), as given below. 

𝑃2045  =  𝑃2020  +  (𝑃2020  × 𝑅) (2) 

Here P2020 is the population of the polygon in year 2020, calculated by Eq. (3) and R is 

the projected rate of increase in population of Pakistan from 2020 to 2045 (World 

Population Prospects - Population Division - United Nations, n.d.)  calculated by Eq. 

(4) 

𝑃2020  =  𝐴2020  ×  𝑃𝐷2020 (3) 
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𝑅 =  
(𝑃2045  −  𝑃2020)

𝑃2020
 × 100 

(4) 

Here A2020 is the area of the polygon in year 2020 (km2) and PD 2020 is the population 

density of the polygon in year 2020. The Asp in eq. 1 is the specific area (km2/person), 

calculated by Eq. (5), given below. 

𝐴𝑠𝑝  =  
𝐴2020

𝑃2020
 

(5) 

The excluded area due to urban expansion is indicated in Figure 3.3(a). 

(b) Slope 

High slopes are considered as unsuitable for development of large-scale powerplants 

(Gašparović & Gašparović, 2019), because of high construction costs (Alami 

Merrouni et al., 2018; Gastli et al., 2010). For standalone CSP plants, studies suggest 

exclusion of areas with slope >3 % (Tlhalerwa & Mulalu, 2019; Ziuku et al., 2014). 

On the other hand, for standalone biomass powerplants, slope up to 15 % has been 

considered acceptable (Woo et al., 2018). Therefore, only areas with slope < 3 % were 

considered acceptable for installation of HCSB plants. The excluded area due to 

higher slope is indicated in Figure 3.3(b). 

(c) Direct Normal Irradiance (DNI) 

The amount of solar radiation received per unit area by a surface held normal to the 

radiation coming in a straight line from the sun at any given time is called Direct 

Normal Irradiation (DNI) (“Solar,” 2013). Various studies in literature such as 

(Middelhoff, Madden, et al., 2022; Juergen H. Peterseim, Herr, et al., 2014) suggest 

that for a site to be considered as a candidate for installation of HCSB power plants, 

DNI must be greater than 1800 kWh/m2.year on an average. Therefore, all areas 

receiving lesser annual average DNI were excluded. The excluded area due to lesser 

DNI is indicated in Figure 3.3(c). 

(d) Water bodies 

All water bodies were considered as unavailable areas for plant deployment due to 

potential complexities in construction. The excluded area due to water bodies is given 

in Figure 3.3(d). 
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Figure 3.3: Maps of exclusion criteria considered in this study (a) urban expansion, (b) slope, (c) DNI, (d) water bodies. 
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3.3.2 Resource mapping 

Mapping of DNI and bioenergy potential, being the two most important criteria, is 

explained below. 

(a) Direct Normal Irradiance mapping 

Previous studies (Middelhoff, Madden, et al., 2022; J. H. Peterseim et al., 2014) 

report that DNI is the most crucial factor in determining feasibility of HCSB 

powerplants, as it is considered primary resource. The framework adopted to develop 

DNI resource potential map is shown in Figure 3.4(a). Briefly, the daily mean DNI 

data for years 1999 – 2016 for area located between 60° – 81° longitude and 23.5°– 

37.5° latitude in NetCDF format was obtained from CMSAF website (Table 3.1). The 

daily files were processed using MATLAB algorithm to obtain annual average value 

for 18 years. An excel file containing DNI data was prepared and inputted in ArcGIS. 

Afterwards, the data was interpolated using inverse distance weighting (IDW) method 

in ArcMap. The extract tool was used to mask study area, and all pixels outside the 

boundary of study area were removed. At this point, areas with insufficient resource 

availability (as described in previous Section) were excluded and final DNI resource 

potential map for Pakistan was obtained. 

(b) Bioenergy potential map 

 Residues of five major crops (i.e., wheat, rice, maize, cotton, and sugarcane) were 

considered. According to field surveys conducted by World Bank (Biomass Resource 

Mapping in Pakistan : Final Report on Biomass Atlas, n.d.), agricultural residues are 

used for various purposes such as animal fodder, domestic burning and as a fertilizer. 

A portion of generated residue is sold to industries and biomass suppliers while the 

remaining portion is left on the field for burning (as the farmers need to vacate the 

land for next crop harvesting). The targeted biomass for current study, is the part left 

on the field for burning. Figure 3.4(b) illustrates framework of methodology adopted 

to develop bioenergy potential map of Pakistan. In the first step, quantification of 

available amount of all five types of biomass feedstock considered, was performed by 

using Eq. (6) (Azhar et al., 2019; J. Li et al., 2016) 

𝐵𝐹𝑚𝑗  =  𝑃𝑚𝑗  × 𝐺 ×  × 𝐷 ×  (6) 

Where: BFmj denotes the available amount of residue for crop j in district m (ton), Pmj 

denotes the annual production of crop j in district m (ton, Table 3.1), G represents 
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grain to straw ratio,  signifies portion of residue available, D is dry matter content 

and  is collection efficiency (%). Values for G and D were obtained from literature 

as described in Table 3.2. Collection efficiency () of 90 % was considered for all 

residues, where the remaining 10 % was assumed to be lost due to collection 

inefficiency (Hiloidhari & Baruah, 2014). Available amount of crop residues for all 

five crops considered in this study are given in Figure 3.5. 

Table 3.2: Values of parameters used in calculations and their sources. 

 

Of particular interest here is , the portion of crop residues available. It is to be noted 

that the amount of residue generated during harvesting process depends on whether 

harvesting is carried out manually or by machines, besides other factors. Since, in 

Pakistan, both harvesting modes are used, the  value of  was determined by using 

Eq. (7) (Azhar et al., 2019) 

𝑚  =  𝐴𝑚  ×  𝑚  +  𝐵𝑚  × (1 − 𝑚) (7) 

Here, m is the portion of crop harvested mechanically in district m (consequently, 1- 

m is the manually harvested portion), while Am and Bm are the portions of crop 

residues available, after some parts of residues were used for other purposes, for 

mechanical and manual harvesting respectively. Values for m, Am and Bm were 

obtained from field surveys conducted by World Bank earlier (Biomass Resource 

Mapping in Pakistan : Final Report on Biomass Atlas, n.d.), for 44 districts of 

Pakistan. Districts that were not incorporated in survey, were assigned values of the 

nearest district included in the report (Azhar et al., 2019). The biomass energy 

potential for the 5 crops was determined by using Eq. (8) 

Crop  Grain to straw ratio Dry matter content 

(%) 

LHV (GJ/ton) (K 

Hossain & Badr, 2007) 

Wheat straw 1.75 (Azhar et al., 

2019) 

0.83 (Azhar et al., 

2019) 

15.76  

Rice straw 1.5 (Azhar et al., 

2019) 

0.85 (Azhar et al., 

2019) 

16.3 

Maize stalk 2.0 (Butt et al., 2013; 

K Hossain & Badr, 

2007)  

0.88 (K Hossain & 

Badr, 2007) 

14.70 

Cotton stalk 2.755 (Butt et al., 

2013; K Hossain & 

Badr, 2007) 

0.88 (K Hossain & 

Badr, 2007) 

16.4 

Sugarcane leaves 0.24 (Azhar et al., 

2019) 

0.71 (Azhar et al., 

2019) 

15.81 
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𝐸𝑚𝑗  =  𝐵𝐹𝑚𝑗  × 𝐿𝐻𝑉 × 𝐶𝐹  (8) 

Where: Emj signifies energy potential (kWh) of crop j for district m, BFmj represents 

available residue (ton) calculated by using Eq. (6), LHV is lower heating value for 

crop j (GJ/ton), and CF is the conversion factor (i.e. 1GJ = 277.8 kWh). The LHV in 

Eq. (8) were obtained from literature (Table 3). Eventually, the total crop residue 

energy potential for each district was determined by Eq. (9) 

𝑇𝐸𝑚  =  ∑𝐸𝑚𝑗

5

𝑗=1

 

 

(9) 

Where: TEm signifies total bioenergy potential of district m. 

The data was then transferred from excel files to ArcGIS and together with landcover 

data (Table 3.1), bioenergy potential of each district was equally divided among the 

agricultural pixels within district to obtain the bioenergy potential map. However, this 

map was further processed by performing spatial neighboring analysis, using focal 

statistics tool in ArcMap, to assign each pixel the average value of the energy 

potential in all pixels within its 50 km radius. This modification in bioenergy potential 

map was done to avoid assigning of unduly high importance in the AHP process, to 

the pixels belonging to croplands in comparison to their neighboring pixels belonging 

to other land use classes. 
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Figure 3.4: (a) Framework illustrating development process of DNI resource potential l map, (b) 

framework illustrating bioenergy potential map generation. 
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(e) 

Figure 3.5: Maps depicting available quantity of crop residues (a) maize, (b) cotton, (c) rice, (d) 

sugarcane, (e) wheat. 
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3.3.3 Other Evaluation Criteria Maps 

Besides the resource potential maps, multiple other criteria were used as input to 

analysis, which are briefly described in following subsections. 

(a) Proximity to transmission network 

Due to high costs associated with development of new power infrastructure, it is 

preferred to consider using existing transmission networks instead of developing new 

ones (Mohammadi & Khorasanizadeh, 2019; Singh Doorga et al., 2019). Previous 

studies  considered proximity of potential renewable energy plant site to transmission 

network as an important factor (Ghasemi et al., 2019; Gouareh et al., 2021) Hence, 

map for existing transmission lines was obtained (Table 3.1) and buffers of 5, 15, 30 

and 50 km were applied.  Afterwards, the map was converted into raster image and 

resultant map is shown in Figure 3.6(a). The area within 5 km radius of transmission 

network were considered to be highly suitable for installation of HCSB plant, whereas 

beyond 50 km, areas were considered as least suitable. 

(b) Proximity to road network 

Proximity to road network is a crucial factor to be considered, as it highly influences 

the economics of power plant (Azouzoute et al., 2020; Uyan, 2013). Vehicular access 

to the plant’s installation site is important in terms of its construction, maintenance 

and operations (Tlhalerwa & Mulalu, 2019), as easy access to road network reduces 

transportation cost of crop residue. Therefore, map of existing road network was 

obtained (Table 3.1) and the buffers of 5, 15, 30 and 50 km were applied in ArcMap. 

Afterwards, it was converted to raster image and resultant map is shown in Figure 

3.6(b). 

(c) Land cover  

Land cover is one of the important parameters to be assessed for site selection of large 

scale powerplants. This may vary depending upon the policies of the country where 

deployment is being considered. For instance, Dejan et al., excluded croplands while 

siting ideal locations for construction of PV plants in Serbia (Doljak & Stanojević, 

2017), while others such as Momina et al., included croplands while selecting suitable 

sites for construction of large scale CSP powerplants in Pakistan (Ahmad & Zeeshan, 

2022). For this study, Land cover map of Pakistan was obtained from C3S (Table 

3.1), which was reclassified into five categories: bare areas (28.5%), sparse vegetation 

(3.6%), shrub land (33.1%), crop land (32.1%) and tree cover (2.53%). Land cover 
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classification followed in this study was informed by the previous studies e.g., 

(Ahmad & Zeeshan, 2022). Bare areas were highly preferred, followed by sparse 

vegetation and shrub land, whereas tree cover was least preferred. Crop land was also 

considered acceptable, but with less preference, from an energy-food-environment 

viewpoint (Ahmad & Zeeshan, 2022). The resultant map, input to AHP process, is 

given in Figure 3.6(c). 

(d) Water stressed areas  

Water requirement for HCSB powerplant may vary depending upon the CSP 

technology being deployed. Majority of designs presented in literature for HCSB 

powerplants are based on Rankine cycle (steam generators), which require large 

quantity of water for cooling of steam cycle and also for mirror washing (Thiam et al., 

2017). Out of total water required for these powerplants, 90 % goes into cooling of 

steam cycle and remaining 10 % is required for mirror washing and other uses 

(Poullikkas et al., 2013). For reduction in water requirement for large scale 

powerplants, various researchers recommend use of dry cooling systems (Ahmad & 

Zeeshan, 2022; Alami Merrouni et al., 2018). Since water scarcity is a serious issue in 

Pakistan, criteria map for water stressed areas was also incorporated in AHP. Extreme 

water stressed areas were least preferred, whereas high preference was given to low 

water stressed areas. The water stress map input to AHP process is given in Figure 

3.6(d).  

(e) Elevation  

High elevation lands are suggested not to be considered for development of large 

scale powerplants primarily because of high construction and installation costs [7,24]. 

Moreover, construction of powerplants on high altitudes can also affect transmission 

facilities (Guaita-Pradas et al., 2019). Therefore, areas less than 440 m in elevation 

were considered most preferred. Since areas with slope >3 % were already excluded 

from study area, therefore no exclusion was done based on elevation. The elevation 

map used in AHP is shown in Figure 3.6(e). 

3.4 Analytical hierarchy process (AHP) 

The AHP is a mathematical technique, in which pair-wise comparison matrix is used 

to calculate criteria weights (Vargas, 1990). The details of AHP process can be found  
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in previous studies (Ishizaka & Labib, 2011; Saaty, 1990), however, the process is 

briefly described as following : 

Step 1: Identify the problem and build a hierarchical structure of all the criteria or 

factors that are expected to have influence on the identified problem and are 

representative of decision-maker’s interest. 

Step 2: Construct a pairwise comparison matrix 𝐴(𝑛 ×𝑛)  =  [𝐶𝑖𝑗] for selected n criteria 

that are regarded as influential, on the basis of Saaty’s fundamental scale (Singh 

Doorga et al., 2019) as given in Table S1, SI.  

The pairwise comparison matrix (also known as judgment matrix) is representative of 

how much one criterion is preferred on the other as per the expert’s decisions, which 

will consequently affect the placement of suitable sites. An example pairwise 

comparison matrix is shown in Eq. (6) for n number of selected criteria, where C12 

signifies relative importance of criterion C1 over criterion C2 (Giamalaki & Tsoutsos, 

2019). It is important to mention here that for pairwise comparison matrix Cii = 1, Cji 

= 1/ Cij and Cij ≠ 0 (Gouareh et al., 2021). Higher weight of one criterion corresponds 

to its higher importance in site selection process (Ghasemi et al., 2019). 

A =  

[
 
 
 
𝐶11 𝐶12 ⋯ 𝐶1(𝑛−1) 𝐶1𝑛

𝐶21 𝐶22 … 𝐶2(𝑛−1) 𝐶2𝑛

⋮ ⋮ ⋱ ⋮ ⋮
𝐶𝑛1 𝐶𝑛2 ⋯ 𝐶𝑛(𝑛−1) 𝐶𝑛𝑛]

 
 
 

      (6) 

The relative weights of all criteria C1, C2, … , Cn can be computed by normalizing 

matrix A into a new matrix, where each element of a new matrix is derived by 

dividing all the elements of matrix A by the sum of their respective columns. The 

criteria weights are then determined by averaging the rows of normalized matrix. One 

of the major advantages of AHP is that it allows to check the consistency of the 

judgments made by the comparison matrix. For a judgment to be consistent, Eq. (7) 

must hold true (Giamalaki & Tsoutsos, 2019).  

Cij = Cik × Ckj   Ɐ i, j, k     (7) 

Step 3: To determine the degree of inconsistency of judgment matrices and to avoid 

consistency error, Saaty suggested measure of two important parameters called as 

Consistency Index (CI) and Consistency Ratio (CR) (Franek & Kresta, 2014).  
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The pairwise comparison matrix constructed to compute criteria weights for all 

evaluation criteria is illustrated in Table 3.3. Similar matrices were also developed for 

each parameter’s sub-criteria. Weights allotted to sub-criteria are tabulated in Table 

S2, SI. One of the major requirements for the setting of renewable energy projects is 

sufficient resource availability, to make installation both economically and 

technologically viable. Therefore, the highest weightages were fixed for DNI and 

bioenergy potential. To further enhance the economic feasibility of power plant in 

terms of cutting down on direct capital cost and power losses, proximity to 

transmission network was the next highest weighted factor. Moreover, with their 

weights in descending order, proximity to road network, land cover, water stressed 

areas and elevation were also incorporated in AHP as criteria factors. 

3.5 Reclassification and weighted overlay 

Raster maps for all input criteria were reclassified on a scale of 1 to 5, where 1 

represents the least suitable class and 5 denotes most suitable class. Afterwards, 

weighted overlay was performed in ArcGIS to identify most suitable sites using Eq. 

(10).      

 s = ∑ (𝐶𝑊𝑖  × 𝑆𝑉𝑖)
𝑛
𝑖=1              (10) 

where, s represents suitability score assigned to each pixel, CWi is the criteria weight 

(i.e., % influence) of raster i and SVi denotes scale value of raster i for that particular 

pixel. Eventually 5 suitability classes were obtained. 

Table 3.3: Pairwise comparison matrix depicting relative importance of considered factors. 

Criteria DNI Biomass Land 

cover 

Proximity 

to roads 

Proximity 

to 

transmissio

n network 

Water 

stressed 

areas 

Elevatio

n 

DNI 1 1 5 5 1 7 9 

Biomass 1 1 5 3 1 7 9 

Land cover 0.2 0.2 1 0.3 0.3 3 5 

Proximity to 

roads 

0.2 1 3 1 0.3 3 5 

Proximity to 

transmission 

network 

1 1 3 3 1 3 5 

Water 

stressed areas 

0.14 0.14 0.3 0.3 0.3 1 3 

Elevation 0.11 0.11 0.2 0.2 0.2 0.3 1 
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 Figure 3.6: Criteria maps of parameters used in HCSB site suitability analysis using AHP (a) transmission network, (b) road network, (c) 

land cover, (d) water stressed areas, (e) elevation. 
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CHAPTER 4 

4 RESULTS AND DISCUSSION 

Results and detailed discussion are given in the following subsections. 

4.1 Resource mapping  

4.1.1 DNI resource potential 

Figure 4.1 (a) shows spatial distribution of annual average DNI over the period of 18 

years (1999 – 2016) for Pakistan. Around 30 % of the area (i.e., 203697.07 km2) 

receives DNI within the range of 2400 – 2650 kWh/m2.year, which is amongst the 

highest in the world (Prăvălie et al., 2019), including majority of the districts located 

in southwestern parts of Pakistan. Furthermore, around 42 % of study area (i.e., 

340643 km2) receives DNI ranging between 2000 – 2400 kWh/m2.year, covering 

most of the south-eastern region of the country. Minimum values for DNI (i.e., <1800 

kWh/m2.year) are found in north-western and north-eastern parts of Pakistan, with 

exception of few anomalies that exist on account of high elevation. Overall, more than 

80% of study area (i.e., 684072.15 km2) receives DNI > 1800 kWh/m2.year, 

presenting high possibility for installation of HCSB plants in Pakistan. Similar results 

for potential of DNI resource in Pakistan were reported by Steffen et al, (Stökler et al., 

2016) and Momina et al,(Ahmad & Zeeshan, 2022). 

4.1.2 Bioenergy potential 

Figure 4.1 (b) illustrates annual bioenergy potential map of Pakistan. The highest 

values for bioenergy potential are found for districts located in provinces of Punjab 

and Sindh (Irfan et al., 2020). This is reasonable as both the provinces share 

maximum portion of agricultural land in the country (Uzair et al., 2020). Around 19 

% of area (i.e., 153978.142 km2) is found to have bioenergy potential greater than 

45,000 kWh/m2year, presenting high possibility for installation of HCSB powerplants 
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(Juergen H. Peterseim, Herr, et al., 2014), as DNI potential in these areas is also in the 

acceptable range (Middelhoff et al., 2021) (also see Figure 4.1  (a)). Minimum 

potential values (i.e., below 10,000 kWh/m2.year) are found in north-western and 

south-western regions of the country, incorporating approximately 53.9 % of land. 

The reason for low bioenergy potential in these regions is minimum crop production.  

4.1.3 Weights of criteria factors  

The final weights of evaluation criteria along with their consistency indices are given 

in Table 4.1. The pair wise comparison matrix was assessed on the basis of three 

parameters i.e., CR, CI and principal Eigenvalue, for which obtained values are 0.057, 

0.075 and 7.45 respectively. DNI, biomass and proximity to transmission network are 

the most preferred. 

  



47 
 

Table 4.1: Final weights of parameters and sub parameters 

 

 

 

Main criteria Final 

Weight 

(%) 

Consistency 

Index 

(%) 

Sub-criteria Final 

Weight 

(%) 

DNI (kWh) 32 6.06 1800 -1950 

1950 – 2100 

2100 – 2250 

2250 – 2400 

2400 – 2600 

1.28 

2.24 

4.16 

8.32 

16 

Biomass(kWh) 30 6.06 0 – 10,000 

10,000 – 25,000 

25,000 – 45,000 

45,000 – 70,000 

70,000 – 

135,953 

1.2 

2.1 

3.9 

7.8 

15 

Land Use Land Cover 7 6.06 Barren Land 

Sparse 

Vegetation 

Shrub Land 

Crop Land 

Tree Cover 

3.5 

1.82 

0.91 

0.49 

0.28 

Proximity to Transmission 

Network (km) 

15 6.06 0 – 5 

5 – 15 

15 -30 

30 – 50 

>50 

7.5 

3.9 

1.95 

1.05 

0.6 

Proximity to Roads (km) 10 6.06 0 – 5 

5 – 15 

15 – 30 

30 – 50 

>50 

5 

2.6 

1.3 

0.7 

0.4 

Water Stressed Areas 4 6.06 Low (<10%) 

Low – Medium 

(10 – 20%) 

Medium – High 

(20 – 40%) 

High (40 -80%) 

Extremely High 

(>80%) 

2 

1.04 

 

0.52 

 

0.28 

0.16 

Elevation (m) 2 6.06 -45 to 440 

441 – 1077 

1078 - 1818 

1819 – 3201 

3202 - 7679 

1 

0.52 

0.26 

0.14 

0.08 



48 
 

4.2 Site suitability classification 

The results on assessment of most suitable sites for installation of HCSB projects in 

Pakistan are shown in Figure 4.2. Approximately, 63 % of land is excluded based on 

criteria discussed previously and is labelled as unsuitable for HCSB powerplants. The 

remaining 37 % of land, which accounts for total area of 299,431.46 km2, has been 

classified into five categories: most suitable, highly suitable, moderately suitable, 

marginally suitable and least suitable.  

As shown in Figure 4.2, upper areas of Punjab province (more than 10 districts) are 

considered as unsuitable for installation of HCSB projects, despite having acceptably 

good access to transmission and road networks, along with availability of high 

bioenergy resource potential. Primary reason for exclusion of these areas is lower 

DNI. On the other hand, various regions of KPK and Balochistan provinces, along 

with some areas of Sindh are also excluded, mostly because of high slope. Exclusion 

on the basis of urban expansion has been specific to densely populated areas in the 

country. Around 1244.5 km2 increase in urban areas has been estimated by 2045 and 

overall, 4102.35 km2 of urban land has been excluded and labelled as unsuitable for 

installation of HCSB projects.  

Around 20 % of available areas (i.e., 58220.7 km2) lie in and below “Marginally 

suitable” class. Majority of these areas are in upper half of the country i.e., in KPK 

and Punjab provinces. Insufficient availability of renewable resources (i.e., DNI and 

bioenergy potential) make these regions least suitable. Moreover, approximately 62 % 

of viable areas lie in “Moderately suitable” class, mainly because of presence of 

croplands, categorically in areas located in Punjab and Sindh, even though resource 

potential for both renewable technologies in these provinces is in acceptable limits 

along with good infrastructure. However, in Balochistan, this categorization is mainly 

because of low bioenergy potential and proximity to existing transmission network.  

On the other hand, the “Most suitable” and “Highly suitable” classes acquire share of 

about 19 % of total possible areas, out of which 238.2 km2 is regarded as most 

suitable for installation of HCSB plants. Only one district i.e., Jamshoro located in the 

province of Sindh lies in “Most suitable” class whereas 36 districts, located largely in 

southern region of the country, are designated as “Highly suitable”. High resource 

availability, low slope along with good infrastructure makes these areas highly 
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feasible for installation of HCSB plants. On this account, these districts, in particular, 

(58), (79) (57), (76), (0), (86), (45), (62), (11), (9), (50), (31), (116), (4), (55), (17), 

(94) are estimated to be most feasible for future planning of large scale HCSB 

powerplants in the country. 
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Fig. 4.1: (a) Annual DNI potential map of Pakistan, (b) annual bioenergy potential map of Pakistan 
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 Fig. 4.2: Site suitability classification for installation of HCSB powerplants in Pakistan 
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CHAPTER 5 

5 CONCLUSIONS AND RECOMMENDATIONS 

The aim of this study was to identify feasible locations to site utility scale on grid 

Hybrid Concentrated Solar Biomass (HCSB) powerplants in Pakistan. 

Simultaneously, a detailed methodology based on integrated Geographic Information 

System (GIS)-Multicriteria Decision Making (MCDM) approach was developed for 

site selection process of hybrid systems. Firstly, previous studies from literature 

related to siting of large scale powerplants were reviewed and important factors 

affecting placement of hybrid powerplants were identified. Resource potential maps 

for DNI and bioenergy were developed, along with criteria maps of other selected 

parameters including proximity to transmission network, land cover, proximity to 

road network, water stressed areas and elevation. Moreover, unsuitable sites from 

study area were removed. AHP was used to calculate criteria weights of all 

parameters. Finally, weighted overlay was performed in ArcMap to identify most 

ideal locations. Following conclusions can be drawn from the present study: 

• The results of AHP scenario show that DNI, bioenergy and proximity to 

transmission network together account for more than 50 % of total criteria weight. 

• More than 80 % of total land area receives DNI > 1800 kWh/m2.year. 

• Around 19 % of total land area is found to have bioenergy potential > 45,000 

kWh/m2year. 

• Southern region of the country is highly suitable for installation of HCSB 

powerplants, on the basis of high resource potential, low slope and good 

infrastructure. 
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• District of Jamshoro stands out as extremely viable for installation of HCSB 

powerplants. 

• Around 238.2 km2 of land is found out to be most suitable, whereas 55691.67 km2 

is designated as highly suitable. 

• Out of four provinces, Sindh presents maximum possibility of development of 

large-scale grid connected HCSB powerplants. 

Although, current study gives defined methodology for site suitability analysis of 

HCSB powerplants, however, an important aspect that needs to be explored is the 

impact of electricity demand on site selection process along with its spatial variability. 

Moreover, biomass resources other than crop residues must be considered for 

development of bioenergy potential map for future work. Further, a detailed techno 

economic feasibility analysis of suitable sites along with sustainability assessment in 

terms of socio-environmental impacts of large scale HCSB installations is also 

recommended for future research. 

 



54 
 

6 References 

Gemasolar, the first tower thermosolar commercial plant with molten salt storage. 

(n.d.). Retrieved August 15, 2023, from 

https://www.researchgate.net/publication/264855919_Gemasolar_the_first_towe

r_thermosolar_commercial_plant_with_molten_salt_storage 

Ahmad, M., & Zeeshan, M. (2022). Validation of weather reanalysis datasets and 

geospatial and techno-economic viability and potential assessment of 

concentrated solar power plants. Energy Conversion and Management, 256, 

115366. https://doi.org/10.1016/J.ENCONMAN.2022.115366 

Alami Merrouni, A., Elwali Elalaoui, F., Ghennioui, A., Mezrhab, A., & Mezrhab, A. 

(2018). A GIS-AHP combination for the sites assessment of large-scale CSP 

plants with dry and wet cooling systems. Case study: Eastern Morocco. Solar 

Energy, 166, 2–12. https://doi.org/10.1016/J.SOLENER.2018.03.038 

Aly, A., Jensen, S. S., & Pedersen, A. B. (2017). Solar power potential of Tanzania: 

Identifying CSP and PV hot spots through a GIS multicriteria decision making 

analysis. Renewable Energy, 113, 159–175. 

https://doi.org/10.1016/J.RENENE.2017.05.077 

Amillo, A. G., Huld, T., & Müller, R. (2014). A new database of global and direct 

solar radiation using the eastern meteosat satellite, models and validation. 

Remote Sensing, 6(9), 8165–8189. https://doi.org/10.3390/RS6098165 

Anvari, S., Khalilarya, S., & Zare, V. (2019). Power generation enhancement in a 

biomass-based combined cycle using solar energy: Thermodynamic and 

environmental analysis. Applied Thermal Engineering, 153, 128–141. 

https://doi.org/10.1016/J.APPLTHERMALENG.2019.02.112 

Aqachmar, Z., Allouhi, A., Jamil, A., Gagouch, B., & Kousksou, T. (2019). Parabolic 

trough solar thermal power plant Noor I in Morocco. Energy, 178, 572–584. 

https://doi.org/10.1016/J.ENERGY.2019.04.160 

Aqueduct 3.0: Updated Decision-Relevant Global Water Risk Indicators | World 

Resources Institute. (n.d.). Retrieved June 6, 2022, from 

https://www.wri.org/research/aqueduct-30-updated-decision-relevant-global-

water-risk-indicators 

ArcGIS Desktop | Desktop GIS Software Suite. (n.d.). Retrieved June 20, 2023, from 

https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview 

Azhar, R., Zeeshan, M., & Fatima, K. (2019). Crop residue open field burning in 

Pakistan; multi-year high spatial resolution emission inventory for 2000–2014. 

Atmospheric Environment, 208, 20–33. 

https://doi.org/10.1016/J.ATMOSENV.2019.03.031 

Azouzoute, A., Alami Merrouni, A., & Touili, S. (2020). Overview of the integration 

of CSP as an alternative energy source in the MENA region. Energy Strategy 

Reviews, 29, 100493. https://doi.org/10.1016/J.ESR.2020.100493 

Biomass resource mapping in Pakistan : final report on biomass atlas. (n.d.). 

Retrieved July 20, 2022, from 



55 
 

https://documents.worldbank.org/en/publication/documents-

reports/documentdetail/104071469432331115/biomass-resource-mapping-in-

pakistan-final-report-on-biomass-atlas. 

bp. (n.d.). Full report – Statistical Review of World Energy 2021. 

Bureau of Statistics – Government of Balochistan. (n.d.). Retrieved July 17, 2022, 

from https://balochistan.gov.pk/departments-download/bureau-of-statistics/ 

Bureau of Statistics | Khyber Pakhtunkhwa. (n.d.). Retrieved July 17, 2022, from 

https://kpbos.gov.pk/ 

Burgaleta, J. I. (n.d.). Gemasolar, the First Tower Thermosolar Commercial Plant 

with Molten Salt Storage. Retrieved August 15, 2023, from 

https://www.academia.edu/75062011/Gemasolar_the_First_Tower_Thermosolar

_Commercial_Plant_with_Molten_Salt_Storage 

Butt, S., Hartmann, I., & Lenz, V. (2013). Bioenergy potential and consumption in 

Pakistan. Biomass and Bioenergy, 58, 379–389. 

https://doi.org/10.1016/J.BIOMBIOE.2013.08.009 

Castro, D. M., & Silv Parreiras, F. (2018). A review on multi-criteria decision-making 

for energy efficiency in automotive engineering. Applied Computing and 

Informatics, 17(1), 53–78. https://doi.org/10.1016/J.ACI.2018.04.004 

Covid-19 impact on electricity – Analysis - IEA. (n.d.). Retrieved October 12, 2022, 

from https://www.iea.org/reports/covid-19-impact-on-electricity 

Development Statistics | Sindh Bureau of Statistics. (n.d.). Retrieved July 17, 2022, 

from https://sbos.sindh.gov.pk/development-statistics-of-sindh 

Doljak, D., & Stanojević, G. (2017). Evaluation of natural conditions for site selection 

of ground-mounted photovoltaic power plants in Serbia. Energy, 127, 291–300. 

https://doi.org/10.1016/J.ENERGY.2017.03.140 

Electricity Market Report - January 2022 – Analysis - IEA. (n.d.). Retrieved February 

27, 2022, from https://www.iea.org/reports/electricity-market-report-january-

2022 

Energy Agency, I. (2021). Review 2021 Assessing the effects of economic recoveries 

on global energy demand and CO 2 emissions in 2021 Global Energy. 

www.iea.org/t&c/ 

ENERGY PROFILE. (n.d.). 

Energy Trade in South Asia: Opportunities and Challenges | Asian Development 

Bank. (n.d.). Retrieved March 22, 2022, from 

https://www.adb.org/publications/energy-trade-south-asia-opportunities-and-

challenges 

Fahad, S., Li, W., Lashari, A. H., Islam, A., Khattak, L. H., & Rasool, U. (2021). 

Evaluation of land use and land cover Spatio-temporal change during rapid 

Urban sprawl from Lahore, Pakistan. Urban Climate, 39, 100931. 

https://doi.org/10.1016/J.UCLIM.2021.100931 

Farooq, M., & Shakoor, A. (2013). Severe energy crises and solar thermal energy as a 



56 
 

viable option for Pakistan. Journal of Renewable and Sustainable Energy, 5(1). 

https://doi.org/10.1063/1.4772637 

Final Results (Census-2017) | Pakistan Bureau of Statistics. (n.d.). Retrieved 

February 21, 2022, from https://www.pbs.gov.pk/content/final-results-census-

2017 

Franek, J., & Kresta, A. (2014). Judgment Scales and Consistency Measure in AHP. 

Procedia Economics and Finance, 12, 164–173. https://doi.org/10.1016/S2212-

5671(14)00332-3 

Gasol, C. M., Gabarrell, X., Rigola, M., González-García, S., & Rieradevall, J. 

(2011). Environmental assessment: (LCA) and spatial modelling (GIS) of energy 

crop implementation on local scale. Biomass and Bioenergy, 35(7), 2975–2985. 

https://doi.org/10.1016/J.BIOMBIOE.2011.03.041 

Gašparović, I., & Gašparović, M. (2019). Determining Optimal Solar Power Plant 

Locations Based on Remote Sensing and GIS Methods: A Case Study from 

Croatia. Remote Sensing 2019, Vol. 11, Page 1481, 11(12), 1481. 

https://doi.org/10.3390/RS11121481 

Gastli, A., Charabi, Y., & Zekri, S. (2010). GIS-based assessment of combined CSP 

electric power and seawater desalination plant for Duqum—Oman. Renewable 

and Sustainable Energy Reviews, 14(2), 821–827. 

https://doi.org/10.1016/J.RSER.2009.08.020 

Ghasemi, G., Noorollahi, Y., Alavi, H., Marzband, M., & Shahbazi, M. (2019). 

Theoretical and technical potential evaluation of solar power generation in Iran. 

Renewable Energy, 138, 1250–1261. 

https://doi.org/10.1016/J.RENENE.2019.02.068 

Giamalaki, M., & Tsoutsos, T. (2019). Sustainable siting of solar power installations 

in Mediterranean using a GIS/AHP approach. Renewable Energy, 141, 64–75. 

https://doi.org/10.1016/J.RENENE.2019.03.100 

Gil, A., Medrano, M., Martorell, I., Lázaro, A., Dolado, P., Zalba, B., & Cabeza, L. F. 

(2010). State of the art on high temperature thermal energy storage for power 

generation. Part 1—Concepts, materials and modellization. Renewable and 

Sustainable Energy Reviews, 14(1), 31–55. 

https://doi.org/10.1016/J.RSER.2009.07.035 

Gouareh, A., Settou, B., & Settou, N. (2021). A new geographical information system 

approach based on best worst method and analytic hierarchy process for site 

suitability and technical potential evaluation for large-scale CSP on-grid plant: 

An application for Algeria territory. Energy Conversion and Management, 235, 

113963. https://doi.org/10.1016/J.ENCONMAN.2021.113963 

Guaita-Pradas, I., Marques-Perez, I., Gallego, A., & Segura, B. (2019). Analyzing 

territory for the sustainable development of solar photovoltaic power using GIS 

databases. Environmental Monitoring and Assessment, 191(12), 1–17. 

https://doi.org/10.1007/S10661-019-7871-8/FIGURES/8 

Guedéz, R., Ferruzza, D., Arnaudo, M., Rodríguez, I., Perez-Segarra, C. D., Hassar, 

Z., & Laumert, B. (2016). Techno-economic performance evaluation of solar 

tower plants with integrated multi-layered PCM thermocline thermal energy 



57 
 

storage - A comparative study to conventional two-tank storage systems. AIP 

Conference Proceedings, 1734. https://doi.org/10.1063/1.4949159 

Guedez, R., Spelling, J., & Laumert, B. (2015). Reducing the number of turbine starts 

in concentrating solar power plants through the integration of thermal energy 

storage. Journal of Solar Energy Engineering, Transactions of the ASME, 

137(1). https://doi.org/10.1115/1.4028004 

Guedez, R., Topel, M., Conde, I., Ferragut, F., Callaba, I., Spelling, J., Hassar, Z., 

Perez-Segarra, C. D., & Laumert, B. (2016). A Methodology for Determining 

Optimum Solar Tower Plant Configurations and Operating Strategies to 

Maximize Profits Based on Hourly Electricity Market Prices and Tariffs. Journal 

of Solar Energy Engineering, Transactions of the ASME, 138(2). 

https://doi.org/10.1115/1.4032244 

Guédez, R., Topel, M., Spelling, J., & Laumert, B. (2015a). Enhancing the 

Profitability of Solar Tower Power Plants through Thermoeconomic Analysis 

Based on Multi-objective Optimization. Energy Procedia, 69, 1277–1286. 

https://doi.org/10.1016/J.EGYPRO.2015.03.155 

Guédez, R., Topel, M., Spelling, J., & Laumert, B. (2015b). Enhancing the 

Profitability of Solar Tower Power Plants through Thermoeconomic Analysis 

Based on Multi-objective Optimization. Energy Procedia, 69, 1277–1286. 

https://doi.org/10.1016/J.EGYPRO.2015.03.155 

Guédez, Rafael, Spelling, J., & Laumert, B. (2014). Enhancing the economic 

competitiveness of concentrating solar power plants through an innovative 

integrated solar-combined cycle with thermal energy storage. Proceedings of the 

ASME Turbo Expo, 3A. https://doi.org/10.1115/GT2014-26098 

Haddad, B., Díaz-Cuevas, P., Ferreira, P., Djebli, A., & Pérez, J. P. (2021). Mapping 

concentrated solar power site suitability in Algeria. Renewable Energy, 168, 

838–853. https://doi.org/10.1016/J.RENENE.2020.12.081 

Herrera, I., Rodríguez-Serrano, I., Lechón, Y., Oliveira, A., Krüger, D., & Bouden, C. 

(2020). Sustainability assessment of a hybrid CSP/biomass. Results of a 

prototype plant in Tunisia. Sustainable Energy Technologies and Assessments, 

42, 100862. https://doi.org/10.1016/J.SETA.2020.100862 

Hiloidhari, M., & Baruah, D. C. (2014). GIS mapping of rice straw residue for 

bioenergy purpose in a rural area of Assam, India. Biomass and Bioenergy, 71, 

125–133. https://doi.org/10.1016/J.BIOMBIOE.2014.10.018 

Home - United Nations Sustainable Development. (n.d.). Retrieved March 22, 2022, 

from https://www.un.org/sustainabledevelopment/ 

Human Development Report 2011 - Sustainability and Equity: A Better Future for All 

- World | ReliefWeb. (n.d.). Retrieved March 22, 2022, from 

https://reliefweb.int/report/world/human-development-report-2011-

sustainability-and-equity-better-future-all 

Hussain, C. M. I., Norton, B., & Duffy, A. (2017). Technological assessment of 

different solar-biomass systems for hybrid power generation in Europe. 

Renewable and Sustainable Energy Reviews, 68, 1115–1129. 

https://doi.org/10.1016/J.RSER.2016.08.016 



58 
 

IEA, “Technology Roadmap: Solar Thermal Energy”, Technical Report, IEA, Paris, 

2014. - Google Search. (n.d.). Retrieved August 15, 2023, from 

https://www.google.com/search?q=IEA%2C+“Technology+Roadmap%3A+Sola

r+Thermal+Energy”%2C+Technical+Report%2C+IEA%2C+Paris%2C+2014.&

oq=IEA%2C+“Technology+Roadmap%3A+Solar+Thermal+Energy”%2C+Tech

nical+Report%2C+IEA%2C+Paris%2C+2014.&gs_lcrp=EgZjaHJvbWUqBggA

EEUYOzIGCAAQRRg7MgYIARBFGEDSAQc5MDFqMGo3qAIAsAIA&sour

ceid=chrome&ie=UTF-8 

IEA, Henner, D., & REN21. (2021). Renewables 2021, Global report. 371. 

https://www.ren21.net/wp-content/uploads/2019/05/GSR2021_Full_Report.pdf 

Irfan, M., Zhao, Z. Y., Panjwani, M. K., Mangi, F. H., Li, H., Jan, A., Ahmad, M., & 

Rehman, A. (2020). Assessing the energy dynamics of Pakistan: Prospects of 

biomass energy. Energy Reports, 6, 80–93. 

https://doi.org/10.1016/J.EGYR.2019.11.161 

Ishizaka, A., & Labib, A. (2011). Review of the main developments in the Analytic 

Hierarchy Process. 38(11), 14336–14345. 

Islam, M. T., Huda, N., Abdullah, A. B., & Saidur, R. (2018a). A comprehensive 

review of state-of-the-art concentrating solar power (CSP) technologies: Current 

status and research trends. Renewable and Sustainable Energy Reviews, 91, 987–

1018. https://doi.org/10.1016/J.RSER.2018.04.097 

Islam, M. T., Huda, N., Abdullah, A. B., & Saidur, R. (2018b). A comprehensive 

review of state-of-the-art concentrating solar power (CSP) technologies: Current 

status and research trends. Renewable and Sustainable Energy Reviews, 91, 987–

1018. https://doi.org/10.1016/J.RSER.2018.04.097 

K Hossain, A., & Badr, O. (2007). Prospects of renewable energy utilisation for 

electricity generation in Bangladesh. Renewable and Sustainable Energy 

Reviews, 11(8), 1617–1649. https://doi.org/10.1016/J.RSER.2005.12.010 

Kengpol, A., Rontlaong, P., & Tuominen, M. (2013). A Decision Support System for 

Selection of Solar Power Plant Locations by Applying Fuzzy AHP and TOPSIS:  

An Empirical Study. Journal of Software Engineering and Applications, 

2013(09), 470–481. https://doi.org/10.4236/JSEA.2013.69057 

Kober, T., Schiffer, H. W., Densing, M., & Panos, E. (2020). Global energy 

perspectives to 2060 – WEC’s World Energy Scenarios 2019. Energy Strategy 

Reviews, 31, 100523. https://doi.org/10.1016/J.ESR.2020.100523 

Köberle, A. C., Gernaat, D. E. H. J., & van Vuuren, D. P. (2015). Assessing current 

and future techno-economic potential of concentrated solar power and 

photovoltaic electricity generation. Energy, 89, 739–756. 

https://doi.org/10.1016/J.ENERGY.2015.05.145 

Koçak, B., Fernandez, A. I., & Paksoy, H. (2020). Review on sensible thermal energy 

storage for industrial solar applications and sustainability aspects. Solar Energy, 

209, 135–169. https://doi.org/10.1016/J.SOLENER.2020.08.081 

Kumar, A., Sah, B., Singh, A. R., Deng, Y., He, X., Kumar, P., & Bansal, R. C. 

(2017). A review of multi criteria decision making (MCDM) towards sustainable 

renewable energy development. Renewable and Sustainable Energy Reviews, 69, 



59 
 

596–609. https://doi.org/10.1016/J.RSER.2016.11.191 

Kwak, Y., Deal, B., & Heavisides, T. (2021). A large scale multi criteria suitability 

analysis for identifying solar development potential: A decision support 

approach for the state of Illinois, USA. Renewable Energy, 177, 554–567. 

https://doi.org/10.1016/J.RENENE.2021.05.165 

Land cover classification gridded maps from 1992 to present derived from satellite 

observations. (n.d.). Retrieved October 13, 2022, from 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.006f2c9a?tab=o

verview 

Li, B., & Haneklaus, N. (2021). The role of renewable energy, fossil fuel 

consumption, urbanization and economic growth on CO2 emissions in China. 

Energy Reports, 7, 783–791. https://doi.org/10.1016/J.EGYR.2021.09.194 

Li, J., Li, Y., Bo, Y., & Xie, S. (2016). High-resolution historical emission inventories 

of crop residue burning in fields in China for the period 1990–2013. Atmospheric 

Environment, 138, 152–161. https://doi.org/10.1016/J.ATMOSENV.2016.05.002 

Lovegrove, K., & Stein, W. (2012). Concentrating Solar Power Technology: 

Principles, Developments and Applications. Concentrating Solar Power 

Technology: Principles, Developments and Applications, 1–674. 

https://doi.org/10.1533/9780857096173 

Messaoudi, D., Settou, N., Negrou, B., & Settou, B. (2019). GIS based multi-criteria 

decision making for solar hydrogen production sites selection in Algeria. 

International Journal of Hydrogen Energy, 44(60), 31808–31831. 

https://doi.org/10.1016/J.IJHYDENE.2019.10.099 

Middelhoff, E., Andrade Furtado, L., Peterseim, J. H., Madden, B., Ximenes, F., & 

Florin, N. (2021). Hybrid concentrated solar biomass (HCSB) plant for 

electricity generation in Australia: Design and evaluation of techno-economic 

and environmental performance. Energy Conversion and Management, 240, 

114244. https://doi.org/10.1016/J.ENCONMAN.2021.114244 

Middelhoff, E., Furtado, L. A., Parise, J. A. R., Ximenes, F., & Florin, N. (2022). 

Hybrid concentrated solar biomass (HCSB) systems for cogeneration: Techno-

economic analysis for beef abattoirs in New South Wales, Australia. Energy 

Conversion and Management, 262, 115620. 

https://doi.org/10.1016/J.ENCONMAN.2022.115620 

Middelhoff, E., Madden, B., Ximenes, F., Carney, C., & Florin, N. (2022). Assessing 

electricity generation potential and identifying possible locations for siting 

hybrid concentrated solar biomass (HCSB) plants in New South Wales (NSW), 

Australia. Applied Energy, 305, 117942. 

https://doi.org/10.1016/J.APENERGY.2021.117942 

Milani, R., Szklo, A., & Hoffmann, B. S. (2017). Hybridization of concentrated solar 

power with biomass gasification in Brazil’s semiarid region. Energy Conversion 

and Management, 143, 522–537. 

https://doi.org/10.1016/J.ENCONMAN.2017.04.015 

Mission Possible | Energy Transitions Commission. (n.d.). Retrieved July 17, 2022, 

from https://www.energy-transitions.org/publications/mission-possible/ 



60 
 

Mohaghegh, M. R., Heidari, M., Tasnim, S., Dutta, A., & Mahmud, S. (2021). Latest 

advances on hybrid solar–biomass power plants. Energy Sources, Part A: 

Recovery, Utilization and Environmental Effects. 

https://doi.org/10.1080/15567036.2021.1887974 

Mohammadi, K., & Khorasanizadeh, H. (2019). The potential and deployment 

viability of concentrated solar power (CSP) in Iran. Energy Strategy Reviews, 24, 

358–369. https://doi.org/10.1016/J.ESR.2019.04.008 

Naqvi, S. R., Jamshaid, S., Naqvi, M., Farooq, W., Niazi, M. B. K., Aman, Z., Zubair, 

M., Ali, M., Shahbaz, M., Inayat, A., & Afzal, W. (2018). Potential of biomass 

for bioenergy in Pakistan based on present case and future perspectives. 

Renewable and Sustainable Energy Reviews, 81, 1247–1258. 

https://doi.org/10.1016/J.RSER.2017.08.012 

Nixon, J. D., Dey, P. K., & Davies, P. A. (2012). The feasibility of hybrid solar-

biomass power plants in India. Energy, 46(1), 541–554. 

https://doi.org/10.1016/J.ENERGY.2012.07.058 

Noorollahi, E., Fadai, D., Shirazi, M. A., & Ghodsipour, S. H. (2016). Land suitability 

analysis for solar farms exploitation using GIS and fuzzy analytic hierarchy 

process (FAHP) - A case study of Iran. Energies, 9(8). 

https://doi.org/10.3390/EN9080643 

Okeke, I. J., & Mani, S. (2017). Techno-economic assessment of biogas to liquid fuels 

conversion technology via Fischer-Tropsch synthesis. Biofuels, Bioproducts and 

Biorefining, 11(3), 472–487. https://doi.org/10.1002/BBB.1758 

Pakistan - Electricity Transmission Network | Data Catalog. (n.d.). Retrieved July 17, 

2022, from https://datacatalog.worldbank.org/search/dataset/0040454 

Pakistan Road Network (main roads) — WFP GeoNode. (n.d.). Retrieved July 17, 

2022, from https://geonode.wfp.org/layers/geonode:pak_trs_roads_osm 

Panepinto, D., Viggiano, F., & Genon, G. (2015). Analysis of the environmental 

impact of a biomass plant for the production of bioenergy. Renewable and 

Sustainable Energy Reviews, 51, 634–647. 

https://doi.org/10.1016/J.RSER.2015.06.048 

Paolotti, L., Martino, G., Marchini, A., & Boggia, A. (2017). Economic and 

environmental assessment of agro-energy wood biomass supply chains. Biomass 

& Bioenergy, 97, 172–185. https://doi.org/10.1016/J.BIOMBIOE.2016.12.020 

Pekel, J. F., Cottam, A., Gorelick, N., & Belward, A. S. (2016). High-resolution 

mapping of global surface water and its long-term changes. Nature, 540(7633), 

418–422. https://doi.org/10.1038/NATURE20584 

Peterseim, J. H., Tadros, A., White, S., Hellwig, U., Landler, J., & Galang, K. (2014). 

Solar Tower-biomass Hybrid Plants – Maximizing Plant Performance. Energy 

Procedia, 49, 1197–1206. https://doi.org/10.1016/J.EGYPRO.2014.03.129 

Peterseim, Juergen H., Herr, A., Miller, S., White, S., & O’Connell, D. A. (2014). 

Concentrating solar power/alternative fuel hybrid plants: Annual electricity 

potential and ideal areas in Australia. Energy, 68, 698–711. 

https://doi.org/10.1016/J.ENERGY.2014.02.068 



61 
 

Peterseim, Juergen H., Tadros, A., Hellwig, U., & White, S. (2014). Increasing the 

efficiency of parabolic trough plants using thermal oil through external 

superheating with biomass. Energy Conversion and Management, 77, 784–793. 

https://doi.org/10.1016/J.ENCONMAN.2013.10.022 

Peterseim, Juergen H., White, S., Tadros, A., & Hellwig, U. (2014). Concentrating 

solar power hybrid plants - Enabling cost effective synergies. Renewable Energy, 

67, 178–185. https://doi.org/10.1016/J.RENENE.2013.11.037 

Pohekar, S. D., & Ramachandran, M. (2004). Application of multi-criteria decision 

making to sustainable energy planning—A review. Renewable and Sustainable 

Energy Reviews, 8(4), 365–381. https://doi.org/10.1016/J.RSER.2003.12.007 

Population | United Nations. (n.d.). Retrieved March 2, 2022, from 

https://www.un.org/en/global-issues/population 

Poullikkas, A., Hadjipaschalis, I., & Kourtis, G. (2013). A comparative overview of 

wet and dry cooling systems for Rankine cycle based CSP plants. 

https://dspace.aus.edu:8443/xmlui/handle/11073/8284 

Prăvălie, R., Patriche, C., & Bandoc, G. (2019). Spatial assessment of solar energy 

potential at global scale. A geographical approach. Journal of Cleaner 

Production, 209, 692–721. https://doi.org/10.1016/J.JCLEPRO.2018.10.239 

Purohit, I., & Purohit, P. (2017). Technical and economic potential of concentrating 

solar thermal power generation in India. Renewable and Sustainable Energy 

Reviews, 78, 648–667. https://doi.org/10.1016/J.RSER.2017.04.059 

Rehman Zia, U. U., Rashid, T. ur, Awan, W. N., Hussain, A., & Ali, M. (2020). 

Quantification and technological assessment of bioenergy generation through 

agricultural residues in Punjab (Pakistan). Biomass and Bioenergy, 139, 105612. 

https://doi.org/10.1016/J.BIOMBIOE.2020.105612 

Renewables 2021 Global Status Report | UNEP - UN Environment Programme. 

(n.d.). Retrieved March 22, 2022, from 

https://www.unep.org/resources/report/renewables-2021-global-status-report 

Renewables Readiness Assessment: Pakistan. (n.d.). Retrieved July 19, 2022, from 

https://www.irena.org/publications/2018/Apr/Renewables-Readiness-

Assessment-Pakistan 

Roni, M. S., Chowdhury, S., Mamun, S., Marufuzzaman, M., Lein, W., & Johnson, S. 

(2017). Biomass co-firing technology with policies, challenges, and 

opportunities: A global review. Renewable and Sustainable Energy Reviews, 78, 

1089–1101. https://doi.org/10.1016/J.RSER.2017.05.023 

Saaty, T. L. (1990). How to make a decision: The analytic hierarchy process. 

European Journal of Operational Research, 48(1), 9–26. 

https://doi.org/10.1016/0377-2217(90)90057-I 

Shah, A., Ali, K., & Nizami, S. M. (2021). Four decadal urban land degradation in 

Pakistan a case study of capital city islamabad during 1979–2019. Environmental 

and Sustainability Indicators, 10, 100108. 

https://doi.org/10.1016/J.INDIC.2021.100108 

Shukla, A. K., Sudhakar, K., & Baredar, P. (2017). Renewable energy resources in 



62 
 

South Asian countries: Challenges, policy and recommendations. Resource-

Efficient Technologies, 3(3), 342–346. 

https://doi.org/10.1016/J.REFFIT.2016.12.003 

Simsek, Y., Watts, D., & Escobar, R. (2018). Sustainability evaluation of 

Concentrated Solar Power (CSP) projects under Clean Development Mechanism 

(CDM) by using Multi Criteria Decision Method (MCDM). Renewable and 

Sustainable Energy Reviews, 93, 421–438. 

https://doi.org/10.1016/J.RSER.2018.04.090 

Singh Doorga, J. R., Rughooputh, S. D. D. V., & Boojhawon, R. (2019). High 

resolution spatio-temporal modelling of solar photovoltaic potential for tropical 

islands: Case of Mauritius. Energy, 169, 972–987. 

https://doi.org/10.1016/J.ENERGY.2018.12.072 

Solar. (2013). Handbook of Energy, 405–450. https://doi.org/10.1016/B978-0-08-

046405-3.00010-3 

Soria, R., Portugal-Pereira, J., Szklo, A., Milani, R., & Schaeffer, R. (2015). Hybrid 

concentrated solar power (CSP)–biomass plants in a semiarid region: A strategy 

for CSP deployment in Brazil. Energy Policy, 86, 57–72. 

https://doi.org/10.1016/J.ENPOL.2015.06.028 

Spelling, J. D. (2013). Hybrid solar gas-turbine power plants : a thermoeconomic 

analysis. 

Spelling, J., Gallo, A., Romero, M., & González-Aguilar, J. (2015). A High-efficiency 

Solar Thermal Power Plant using a Dense Particle Suspension as the Heat 

Transfer Fluid. Energy Procedia, 69, 1160–1170. 

https://doi.org/10.1016/J.EGYPRO.2015.03.191 

Steam Turbine-Shandong Qingneng Steam Turbine Co.,Ltd. (n.d.). Retrieved August 

15, 2023, from 

https://www.qnturbine.com/Steam_Turbine.html?gclid=CjwKCAjwxOymBhAF

EiwAnodBLKgJUYHmsqK4MrjRueZYt1PKTlPWsnJxxIknXgXrWVYqN3Eql

PaNZBoC7vIQAvD_BwE 

Stökler, S., Schillings, C., & Kraas, B. (2016). Solar resource assessment study for 

Pakistan. Renewable and Sustainable Energy Reviews, 58, 1184–1188. 

https://doi.org/10.1016/J.RSER.2015.12.298 

Tadono, T., Ishida, H., Oda, F., Naito, S., Minakawa, K., Iwamoto, H., Tadono, T., 

Ishida, H., Oda, F., Naito, S., Minakawa, K., & Iwamoto, H. (2014). Precise 

Global DEM Generation by ALOS PRISM. ISPAn, II4, 71–76. 

https://doi.org/10.5194/ISPRSANNALS-II-4-71-2014 

Tahir, S., Ahmad, M., Abd-ur-Rehman, H. M., & Shakir, S. (2021). Techno-economic 

assessment of concentrated solar thermal power generation and potential barriers 

in its deployment in Pakistan. Journal of Cleaner Production, 293, 126125. 

https://doi.org/10.1016/J.JCLEPRO.2021.126125 

Tamme, R., Laing, D., & Steinmann, W. D. (2003). Advanced thermal energy storage 

technology for parabolic trough. International Solar Energy Conference, 563–

571. https://doi.org/10.1115/ISEC2003-44033 



63 
 

Tassoult, H., & Haddad, B. (2019). Suitable Sites for CSP Power Plants Installation in 

Algeria. Proceedings of 2019 7th International Renewable and Sustainable 

Energy Conference, IRSEC 2019. 

https://doi.org/10.1109/IRSEC48032.2019.9078316 

Tazi, G., Jbaihi, O., Ghennioui, A., Merrouni, A. A., & Bakkali, M. (2018). 

Estimating the Renewable Energy Potential in Morocco: solar energy as a case 

study. IOP Conference Series: Earth and Environmental Science, 161(1), 

012015. https://doi.org/10.1088/1755-1315/161/1/012015 

Technology Roadmap - Concentrating Solar Power. (n.d.). Retrieved April 1, 2022, 

from www.iea.org/about/copyright.asp 

Termosolar Borges CSP-Biomass Power Plant - Power Technology. (n.d.). Retrieved 

April 10, 2022, from https://www.power-technology.com/projects/termosolar-

borges-csp-biomass-power-plant/ 

The Andasol Solar Power Station Project - Power Technology. (n.d.). Retrieved 

August 15, 2023, from https://www.power-

technology.com/projects/andasolsolarpower/ 

Thiam, A., Mbow, C., Faye, M., Stouffs, P., Azilinon, D., Thiam, A., Mbow, C., 

Faye, M., Stouffs, P., & Azilinon, D. (2017). Assessment of Hybrid 

Concentrated Solar Power-Biomass Plant Generation Potential in Sahel: Case 

Study of Senegal. Natural Resources, 8(8), 531–547. 

https://doi.org/10.4236/NR.2017.88033 

Tlhalerwa, K., & Mulalu, M. (2019). Assessment of the concentrated solar power 

potential in Botswana. Renewable and Sustainable Energy Reviews, 109, 294–

306. https://doi.org/10.1016/J.RSER.2019.04.019 

Untitled Page. (n.d.). Retrieved June 6, 2022, from 

http://www.amis.pk/Agristatistics/DistrictWise/DistrictWiseData.aspx 

Uyan, M. (2013). GIS-based solar farms site selection using analytic hierarchy 

process (AHP) in Karapinar region, Konya/Turkey. Renewable and Sustainable 

Energy Reviews, 28, 11–17. https://doi.org/10.1016/J.RSER.2013.07.042 

Uzair, M., Sohail, S. S., Shaikh, N. U., & Shan, A. (2020). Agricultural residue as an 

alternate energy source: A case study of Punjab province, Pakistan. Renewable 

Energy, 162, 2066–2074. https://doi.org/10.1016/J.RENENE.2020.10.041 

Vargas, L. G. (1990). An overview of the analytic hierarchy process and its 

applications. European Journal of Operational Research, 48(1), 2–8. 

https://doi.org/10.1016/0377-2217(90)90056-H 

Vassoney, E., Mammoliti Mochet, A., Desiderio, E., Negro, G., Pilloni, M. G., & 

Comoglio, C. (2021). Comparing Multi-Criteria Decision-Making Methods for 

the Assessment of Flow Release Scenarios From Small Hydropower Plants in the 

Alpine Area. Frontiers in Environmental Science, 9, 104. 

https://doi.org/10.3389/FENVS.2021.635100/BIBTEX 

Welfle, A., Gilbert, P., & Thornley, P. (2014). Increasing biomass resource 

availability through supply chain analysis. Biomass and Bioenergy, 70, 249–266. 

https://doi.org/10.1016/J.BIOMBIOE.2014.08.001 



64 
 

Whole 1 GW Blythe project to convert to PV – pv magazine International. (n.d.). 

Retrieved March 30, 2022, from https://www.pv-

magazine.com/2012/07/03/whole-1-gw-blythe-project-to-convert-to-

pv_10007604/ 

Woo, H., Acuna, M., Moroni, M., Taskhiri, M. S., & Turner, P. (2018). Optimizing 

the Location of Biomass Energy Facilities by Integrating Multi-Criteria Analysis 

(MCA) and Geographical Information Systems (GIS). Forests 2018, Vol. 9, Page 

585, 9(10), 585. https://doi.org/10.3390/F9100585 

World Energy Consumption Statistics | Enerdata. (n.d.). Retrieved February 27, 2022, 

from https://yearbook.enerdata.net/total-energy/world-consumption-

statistics.html 

World Energy Scenarios: Composing energy futures to 2050 | World Energy Council. 

(n.d.). Retrieved October 13, 2022, from 

https://www.worldenergy.org/publications/entry/world-energy-scenarios-

composing-energy-futures-to-2050 

World Population Prospects - Population Division - United Nations. (n.d.). Retrieved 

October 12, 2022, from https://population.un.org/wpp/ 

WorldPop :: Population Density. (n.d.). Retrieved July 17, 2022, from 

https://hub.worldpop.org/project/categories?id=18 

Yushchenko, A., de Bono, A., Chatenoux, B., Patel, M. K., & Ray, N. (2018). GIS-

based assessment of photovoltaic (PV) and concentrated solar power (CSP) 

generation potential in West Africa. Renewable and Sustainable Energy Reviews, 

81, 2088–2103. https://doi.org/10.1016/J.RSER.2017.06.021 

Zhang, G., Li, Y., Dai, Y. J., & Wang, R. Z. (2016). Design and analysis of a biogas 

production system utilizing residual energy for a hybrid CSP and biogas power 

plant. Applied Thermal Engineering, 109, 423–431. 

https://doi.org/10.1016/J.APPLTHERMALENG.2016.08.092 

Zhang, H. L., Baeyens, J., Degrève, J., & Cacères, G. (2013). Concentrated solar 

power plants: Review and design methodology. Renewable and Sustainable 

Energy Reviews, 22, 466–481. https://doi.org/10.1016/J.RSER.2013.01.032 

Zhu, G., Wendelin, T., Wagner, M. J., & Kutscher, C. (2014). History, current state, 

and future of linear Fresnel concentrating solar collectors. Solar Energy, 103, 

639–652. https://doi.org/10.1016/J.SOLENER.2013.05.021 

Ziuku, S., Seyitini, L., Mapurisa, B., Chikodzi, D., & van Kuijk, K. (2014). Potential 

of Concentrated Solar Power (CSP) in Zimbabwe. Energy for Sustainable 

Development, 23, 220–227. https://doi.org/10.1016/J.ESD.2014.07.006 

 


