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Abstract
Biomass feedstock is a key sustainable alternative to the finite fossil resources to produce fuels and chemicals. Biomass sources vary from energy crops to a wide range of municipal, agricultural, and industrial wastes. Therefore, it is attracting growing attention due to its wide availability in almost every country worldwide. However, due to the irregular generation and the scattered distribution of biomass resources, the design of supply chains and the selection of refinery sites become a challenging task.  As such, this study presents a framework for an optimal site selection of a multiple biomass refinery. Qatar is chosen as the case study, whereby, its main sources and locations of biomass are identified. While a mathematical optimisation model is established by utilising the geographic information system (GIS) and analytical hierarchy process (AHP) to spot optimal biorefinery sites that may enhance the supply chain of available biomass. Multiple criteria are considered in the model including the site accessibility to key infrastructural facilities, as well as biomass locations, availability, and calorific values. While several constraints are employed to alleviate social and environmental concerns. The model generates several candidate sites, which are then reduced to a single optimal site (at coordinates: 25.144, 51.351). The selected optimal site is believed to maximise the potential biomass energy supply and enhance the biomass supply chain through minimising biomass transportation cost, which is evaluated at an average of 7 $/tonne.
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Introduction
The continuous development of biomass processing technologies created great momentum for biorefineries establishment, especially in countries with depleting or no oil resources. Biomass-based biofuels occupies nearly 70% of global gross renewable mix (WBA, 2019), which is expected to increase with the great price fluctuation of fossil-based fuels and the global rising concerns on climate change issues. 
Meanwhile, several technologies have been developed to accommodate different biomass categories, including the traditional anaerobic digestion to valorise putrescible materials (Mubeen and Buekens, 2019), gasification and pyrolysis to accommodate low-moisture lignocellulosic biomass (AlNouss et al., 2020b; Elkhalifa et al., 2019), hydrothermal liquefaction to liquefy wet biomass (Alherbawi et al., 2021), as well as incineration for direct power generation.
In addition, a considerable effort has been made to develop integrated technologies that combine multiple processes to valorise different biomass types (Al-Ansari et al., 2020; Baliban et al., 2010; Dias et al., 2014; Floudas et al., 2012; Magdeldin et al., 2018; Neves et al., 2020). 
In this context, the identification of biomass refinery sites is becoming more important and challenging due to the extremely irregular generation and scattered distribution of biomass resources. Several approaches have been earlier proposed for biorefinery siting. Martinkus et al. (2017) combined social and biogeophysical analysis to spot and evaluate pulp mills potential to be turned into biorefineries. Whereas, Marvin et al. (2013) and Ng and Maravelias (2017) proposed different mixed integer linear program (MILP) models to identify an economic biorefinery site through enhanced supply chains. Meanwhile, AlNouss et al. (2020a) developed a computational intelligence framework for the design of biomass supply chains based on the artificial neural network (ANN) approach. 
This study proposes a multi-criteria GIS-approach based on the maximal coverage location problem (MCLP) models to identify an optimal multiple biomass refinery site in the State of Qatar. A wide-range biomass availability and geospatial data are collected and mapped, while an optimised initial infrastructure map of Qatar is developed considering developmental, social and environmental aspects. Candidate nodes are identified based on suitability analysis with the aid of the analytical hierarchy process (AHP), while a mathematical MCLP model is solved in ArcGIS (V10.7.1) to identify the optimal biorefinery site amongst the candidate nodes, in which the biomass supply chain is enhanced, transportation costs into the refinery are minimised, and potential biomass energy supply is maximised.
Methodology
Identification of the optimal site for a biorefinery setup is dependent on multiple criteria including the availability, distribution, and calorific value of biomass resources, as well as the accessibility of the proposed site to electricity, water, and roads network, in addition to several other environmental and social criteria. The methodological framework to define the optimal biorefinery site is detailed out through the following subsections.
Data collection
The sources of different municipal, industrial and agricultural wastes are selected carefully to ensure a regular and long-term biomass generation in the State of Qatar. Amongst the selected sources are large scale facilities such as wastewater treatment plants (WWTPs), oil and gas refineries, municipal waste collection and landfill sites, as well as key agricultural, poultry and dairy production farms. The data on the availability and distribution of biomass are collected and evaluated in terms of potential annual generation (tonnes/y) and calorific values (GJ/y) (AlrayyanTV, 2018; MDPS, 2018; Ministry of Development Planning and Statistics, 2013; Planning and Statistics Authority of Qatar, 2021; Qatarpetroleum, 2019). In addition, the spatial distribution of the selected biomass is mapped in ArcGIS as illustrated in Figure 1. The targeted biomass categories comprise industrial wastes, sewage sludge, tires, municipal solid wastes (MSW), agro-wastes and five different types of livestock manures. 
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Figure 1: Geospatial distribution of key biomass resources and quantities in Qatar.
Infrastructure’s mapping
A biorefinery access to key infrastructural facilities is crucial to define its initial candidate sites. As such, this study identified three key infrastructural criteria: roads, electricity and water networks. The detailed extent of the aforementioned networks in Qatar are adapted from Qatar’s Atlas (Qatar Statistics Authority, 2013) and re-mapped in ArcGIS as presented in Figures 2a, 2b and 2c.
The Euclidean distance function of ArcGIS is utilised to plot a criteria map for each network, which is calculated from the Cartesian coordinates for each point in the network using the Pythagorean theorem. All areas that are within 2 km of each network are defined as “highly suitable” to establish the biorefinery, while the areas located between 2-4 km of each network are defined as “moderately suitable”. Whereas all the remaining area is identified as “non-suitable” due to the lack of access to key infrastructural facilities.
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Figure 2: Key infrastructural facilities in Qatar including a) roads network, b) electricity network, c) water network, and d) defined restricted areas.
A composite suitability map optimising the accessible area based on the three criteria maps is generated using the map algebraic function of ArcGIS based on Eq(1). 
	Site suitability =         
Where, RWi: is the relative weight of criterion Ci.

	(1)



The relative weight of each criterion is estimated with the aid of the analytical hierarchy process (AHP) (Saaty, 1999), through which a pair-wise comparison table is developed (Table 1). Using AHP tool, both qualitative and quantitative characteristics of the problem are collectively regarded.
The pair-wise comparison is conducted through comparing each criterion in the left column to the criteria in the top row in terms of relative importance for the problem in hand. A value from 1 to 9 is allocated to indicate the relative importance, with 1 indicating equal importance, and 9 indicating the highest importance gap between the criteria pair. The pair-wise matrix presented in Table 1 is then normalised by dividing each cell by the column’s sum, in which the cell exists. Finally, the average of each row in the normalised pair-wise matrix is calculated, which represents the relative weight of the corresponding criterion. The consistency of the estimated relative weights is tested using the consistency ratio approach (Saaty, 1988). Consistency ratios below 10% indicate a valid pair-wise comparison and reasonable obtained criteria relative weights.
Furthermore, several restricted areas are defined to alleviate social and environmental concerns as illustrated in Figure 2d. Whereby all settlements and agricultural areas are restricted with an additional 1 km buffer zone beyond them. Besides, natural reserves and Qatar Energy concessions area (formerly known as Qatar Petroleum) are completely restricted to avoid being selected in the process. 
The obtained final composite infrastructural criteria map is reclassified into 10 classes of suitability, with classes 9 and 10 representing the highly suitable areas for biorefinery establishment. A fishnet of nodes’ matrix with (1x1 km) actual spacing is created over the composite suitability map, whereby the value of each node is extracted based on its position in the map. All nodes that scored (≥9) are considered as initial potential candidate sites, while the remaining nodes are excluded from the process.
Table 1: AHP’s pair-wise comparison matrix of identified infrastructural criteria.
	
	Road network
	Electricity network
	Water network

	Road network
	1.00
	3.00
	5.00

	Electricity network
	0.33
	1.00
	3.00

	Water network
	0.20
	0.33
	1.00


Optimal site selection 
The final stage of siting optimisation process is established using the location-allocation function of ArcGIS considering the previously obtained candidate sites with reference to biomass spatial distribution, potential gross calorific value and associated costs of their transportation into the biorefinery.  
The biomass transportation cost is evaluated using Eq(2):
	Cost($) =         
Where, Qi: is the biomass quantity at site (i) (tonnes), Di: is the site (i) distance from biorefinery (km), L: is regular freight load (tonnes), and C: is transportation cost per km travelled ($/km).

	(2)





The location-allocation function of network analyst module is meant to find the site that can effectively accommodate the supply/demand points. The algorithm solves for the different candidate sites to select one or more sites that can best achieve the objective. The aim in this problem is to minimise the overall travelling distance and therefore transportation costs, while maximising the gross calorific value of collected biomass. As such, it is a maximal coverage location problem (MCLP), which can be defined as per the following mathematical model in Eq(3-5) (Church and ReVelle, 1974):
	Maximise        
Subject to:  
      (Accounts for biomass supply sites within the biorefinery coverage)
   (Only 1 biorefinery site to be selected)
Decision variables:
Sj =
Bi =
Where, 
i: is the set of biomass supply sites.
j: is the set of initial biorefinery candidate sites.
Ei: potential gross energy content of biomass (GJ/y) at site “i”.
Bi: Biomass supply site “i”.
Sj: Candidate biorefinery site “j”.
dij: the shortest distance from site “i” to site “j”.
D: distance beyond the biorefinery coverage.
Ni={j∊J | dij ≤D}
	(3)

 (4)
(5)











Results and Discussion
The AHP’s relative weights of infrastructural criteria achieved a consistency ratio of 3.34%, which is way below the threshold of 10%, indicating a consistent and reasonable pairwise comparison. The resulting relative weights are 63%, 26% and 11% for roads, electricity, and water networks, respectively. Roads’ network is given the highest importance due to the high associated costs for paving new roads in distant areas, followed by electricity and then water connection to main supplying nodes. Besides, electricity can be generated on-site as commonly practiced in biorefineries. 
Composite infrastructure suitability map
The composite suitability map is illustrated in Figure 3a, presenting different site suitability levels, as well as restricted areas. Whereas Figure 3b represents the initial candidate sites based on the suitability map. The model identified 166 candidate sites with excellent access to roads, electricity, and water infrastructures. The candidate sites are concentrated in northern, southeastern, western, and central parts of Qatar. While they are relatively close to many of the biomass supplying sites.
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Figure 3: a) Composite suitability map for biorefinery establishment, and b) candidate biorefinery sites. 
Optimal biorefinery site 
The MCLP model in ArcGIS selected the candidate site (25.144, 51.351) as the optimal biorefinery site. The selected site is located in the south-eastern part of Qatar, around 5 km west of the Doha industrial area. The site has a perfect access to the infrastructural facilities considered in this study, whereby it has a direct access to the Abu-Nakhla Road, while it is 1.2 km away from the Orbital Highway, which is one of the most vital highways and truck routes (195 km-long) that connects between the northern and southern parts of Qatar, bypassing the jammed Doha capital. Nevertheless, the site has a relatively close access to the highest energy generating biomass sites as presented in Figure 4. 
Considering an LZV freight load of 18.7 tonne and an average cost of 2 $/km (Meulen et al., 2020), biomass can be transported from the various supplying sites to the selected biorefinery site with an average cost of 7.03 $/tonne.
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Figure 4: Final selected biorefinery site, and the energy supply potential at different biomass sites.
Conclusions
This study presented an ArcGIS-based framework for biorefinery siting based on multiple economic, developmental, social and environmental criteria. The framework integrates the AHP process, suitability analysis and network analysis using MCLP models. The optimal selected site (at 25.144, 51.351) is believed to maximise biomass energy supply with the least transportation cost, which is evaluated at an average of 7 $/tonne biomass.
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