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Abstract 

Biomass-derived synthetic natural gas (bio-SNG), produced from biomass through 

gasification and cleaning and conditioning of syngas, is an energy carrier compatible with 

the existing gas infrastructure and appliances, is a promising solution for the 

decarbonisation of transport, heating and electricity generation. However, low energy 

density and scattered distribution of the resources, technological complexity and high cost 

of the conversion process, undermine its sustainability. This thesis aimed to deliver a 

techno-economic and environmental assessment of bio-SNG production, and to build a 

model that allows identification of the sites and the sizes of the plants for bio-SNG 

production that minimises the cost and the environmental impact of the bio-SNG 

produced in the case of the Republic of Ireland. Published life cycle assessments (LCAs) 

of bio-SNG and biomethane have been reviewed. None of the studies integrated their 

LCA with both process and geospatial modelling. Therefore a framework including 

process modelling, to characterise the conversion, and geospatial modelling, to 

investigate the supply chain configuration, has been proposed in order to assess the 

environmental and economic sustainability of a spatially-explicit bio-SNG production 

system and applied in this work. An initial resource assessment identified the distribution 

and the quantity of all the available resources that can be converted into bio-SNG, 

showing that 2.5 PJ a
-1

 of bio-SNG can be provided by forestry residues. A 

thermodynamic model has been built to simulate the GoBiGas process, a large-scale bio-

SNG production plant. This real-case process has been also used as a term of comparison 

to satisfactorily validate the mass and energy balances and efficiencies resulting from the 

model. The economies of scale of the process are calculated and finally a geospatial 

model has been built in order to find the size and the sites of the plant that minimise the 

unitary cost of bio-SNG produced. The resulting configuration showed that 66.7% of the 

available forestry residues is processed into a single 71-MW plant, at a cost of 86.3 

€/MWh. The environmental impact is then included in the optimisation, as an aggregated 

single-score of 10 impact categories (climate change, ionising radiation, ozone depletion 

and resource depletion, eutrophication and acidification potentials, photochemical ozone 

formation and particulate matter). The single-plant configuration is the one that presents 

Pareto optimal solutions when compared to multiple plants and considering the 
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minimisation of LCOE and environmental impact as objectives. A 67.6-MW plant 

minimises environmental impact per Euro spent, presenting benefits for 4 out of 10 of the 

impact categories considered (climate change, ionising radiation, ozone depletion and 

resource depletion). The economic and energy potential of bio-SNG from digestate 

produced from anaerobic digestion (AD) of the organic fraction of municipal solid waste 

is also assessed as a waste management alternative, resulting in a cost between 89.5 and 

109.6 €/MWh, showing results comparable to AD and landspreading of the wet digestate 

or combustion of the digestate.  

The methodology presented in this thesis can be applied to any other region where 

geospatial data are made available and extended to other resources and/or products, 

providing gas transmission system operators with a tool to integrate renewable gas 

production technologies into existing infrastructure, minimising the costs and the 

environmental impact, and evaluating the competitiveness of the renewable gas produced 

when compared to natural gas. 
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L’ultima questione sia questa. Dall’aria infiammabile scoperta in tanta 

abbondanza, e in tanti modi tentata e cimentata, non sia possible di 

trarre alcun profitto? Senza ció, diran molti, a che varrebbero tali 

scoperte, e tali sperienze? 

Diró, che alcune delle mie ricerche di vero ebbero in vista l’utile e il 

vantaggio: che ho talvolta ruminato, se vi fossero mezzi onde far un uso 

economico dell’aria infiammabile, sostituendola es. gr. all’olio ec.: che 

ho pensato a inzuppare di quest’aria de’ corpi molto porosi, della 

terra, e darne una specie di torba artificiale ec. A tutto ció, e ad altre 

cose ho, dico, pensato, ma non le ho peranco a dovere sperimentato: 

chè a tali sperienze ho veduto richiederli molto tempo e molte 

disposizioni, e ingegni e macchine, che or non ho. Mi propongo bene a 

miglior agio di dirigere varj tentativi a tal oggetto. L’andar questi a 

voto non fará una perdita per me; mentre anche le utili sperienze, ed i 

riconosciuti errori giovano al Fisico, e al Filosofo. Amiamoci ec. 
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Chapter 1. Introduction 

1.1 Energy and Climate Change 

In a business-as-usual projection, world energy consumption is estimated to increase by 

28% from 2015 (607 EJ) to 2040 (777 EJ), with a consequential increase by 34% of 

world energy-related carbon dioxide (CO2) emissions, from 33.9 to 42.7 billion tonnes 

[1]. In 2014, the Intergovernmental Panel on Climate Change (IPCC) identified the 

energy supply sector as the largest contributor to anthropogenic global CO2 emissions 

(approximately 35%) and criticised the limited research on integration of low-carbon 

technology, especially on its sustainability, site-specificity and efficiency of its large-

scale deployment, which can play a critical role in mitigation [2]. In 2015, the Paris 

Agreement [3] committed signatory countries to hold the increase in global average 

temperature to below 2 °C above pre-industrial levels, and to invest in greenhouse gas 

emissions (GHG) mitigation pathways. According to the IPCC, large-scale changes in 

energy systems, involving substantial cuts in anthropogenic greenhouse gas emissions, 

have a good chance of restricting global warming to less than 2°C [2]. According to the 

U.S. Energy Information Administration (EIA), world gas consumption will increase 

from 131 EJ, 22.6% of the world total energy consumption, in 2012 to 223 EJ, 26% of the 

world total energy consumption, in 2040. Similarly in the countries members of the 

Organisation for Economic Cooperation and Development (OECD) in Europe (Austria, 

Belgium, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, 

Hungary, Iceland, Ireland, Italy, Luxembourg, Netherlands, Norway, Poland, Portugal, 

Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey, United Kingdom), natural gas 

(NG) consumption will increase from 19.3 EJ, 22.4% of the total energy of gas 

consumption, in 2012 to 27.5 EJ, 27.3% of the total energy consumption [4].  

1.2 Renewable Gas and Decarbonisation 

According to the EIA, NG will account for the largest portion in the increase of world 

primary energy consumption from 2012 to 2040 [4]. Under governmental pressure to 

reduce CO2 emissions, NG may displace more carbon-intensive fuels [4]. In 2015, seven 

European gas transmission system operators (TSOs), Energynet.dk (Denmark), Fluxys 

Belgium, Gasunie (Netherlands), GRTgaz (France), Swedegas (Sweden), Gaznat 
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(Switzerland) and ONTRAS (Germany), signed a joint declaration proclaiming the aim to 

establish 100% CO2-neutral gas supplies by 2050 [5].  

Gas networks can have a critical role in decarbonising the future energy system [6]. 

Existing gas infrastructures are valuable and strategic assets capable of delivering 

significant quantities of energy for many applications: power generation, industrial heat 

and chemicals, building heat and transport [2]. Current fluctuations in gas demand are 

significant, but can be successfully handled by the storage flexibility of the grid 

infrastructure. Conversely, the capability of electricity network systems to respond to 

energy demand fluctuations is more technically challenging and expensive [7]. Pathways 

to decarbonise the gas network include the production of hydrogen (via power-to-gas 

systems), biomethane (via anaerobic digestion (AD)), biomass derived synthetic NG (bio-

SNG) (via gasification and methanation), and carbon capture and storage (CCS) [7].  

Biomethane and bio-SNG have a chemical composition very similar to NG, so are 

chemically compatible with the existing gas infrastructure. They are referred to as green 

gas in this thesis. Feedstocks for green gas production consist of wastes and purpose-

grown crops. Wet feedstocks are typically suited to AD, whilst dry or woody feedstocks 

are more suited to gasification [8]. AD can use very low and negative cost feedstocks 

such as food waste and animal slurries. This makes it economical as an efficient waste 

management technique, able to reduce local air emission and water contamination, as well 

as providing a nutrient-rich by-product known as digestate that can be used as organic 

fertiliser [9].  

Better whole-systems modelling analysis is needed, grounded in the practical reality of 

gas network decarbonisation options, to provide a stronger evidence base for decision 

makers. This will enable quantification of the economic costs and benefits of different gas 

network decarbonisation options, and to establish the conditions needed for a positive 

business case for investment in these options [2]. 

1.3 Natural gas consumption in the Republic of Ireland 

In 2016, NG provided 177.1 PJ a
-1

, accounting for 29.4 % of total primary energy 

requirement (TPER) in the Republic of Ireland (ROI), and the 40.3% of the NG used was 

imported [10]. The fall in gas imports in 2016 is due to new indigenous production from 

the Corrib gas field, considering that in 2015, 96.5% of NG was imported [10]. The 
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Corrib gas field is projected to have a production life of 15 years. In 2016, the overall 

renewable energy contribution to total primary energy supply was 8%. Biomass is the 

second largest renewable energy resource in ROI after wind, with a TPER of 14 PJ a
-1

, 

28.9% of the renewable share [10]. Gasification and methanation is a higher value energy 

conversion route than solid biomass combustion, due to the fact its product, bio-SNG 

(biomass-derived synthetic natural gas), can be injected into the gas grid, benefitting from 

the existing NG infrastructure and NG’s role as a fuel of systemic economic importance 

that can be used for heating, transport fuel and electricity generation [11]. In the ROI, a 

Renewable Heating Support Scheme is currently offering incentives to biomass and 

anaerobic digestion (AD) heating systems, while support for biomethane grid injection is 

under consideration for subsequent phases of the scheme [12]. Bio-SNG, like biomethane, 

is a promising energy carrier to decarbonise energy across all sectors of the Irish 

economy.  

1.4 Bioenergy research in the ROI 

In the case of the ROI, a number of papers on biological conversion of biomass through 

AD cover the use of different feedstocks, from grass [13–15] to algae [16]. Singh et al. 

[17] found that biogas and biodiesel produced from agricultural slurry, OFMSW (organic 

fraction of municipal solid waste), slaughter waste, tallow, used cooking oil and surplus 

grass) could cover 5% of the final energy demand for transport in the ROI in 2007, 315 

PJ. Recent work by O’Shea et al. [18,19] quantified the potential of various AD 

feedstocks (animal waste and organic waste), resulting in an energy production that can 

cover 7% of transport energy demand. Ahern et al. [20] showed that biologically 

upgraded biogas from AD of agricultural slurries, slaughter waste, OFMSW, grass, can 

cover 10% of the expected transport energy demand in 2020, 188 PJ. 

The existing studies related to thermochemical conversion are limited to medium scale 

combined heat and power (CHP) plants and co-firing. Murphy et al. [21,22] performed a 

lifecycle assessment (LCA) for Miscanthus pellets and briquettes and wood biomass 

production as feedstocks for CHP plants and recently published an LCA, analysing the 

production of electricity using biomass in Ireland, based on co-fired CHP with peat and 

biomass. This study resulted in an energy potential that could cover 2.4-7% of the 

renewable energy share in the electricity generation (RES-E) and 2-5.6% of the 

renewable energy share in the heating sector (RES-H) [23]. Experimental efforts have 
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conducted tests on different feedstocks for biomass thermochemical conversions systems 

(pyrolysis, gasification, torrefaction) [24–27]. In 2007, Styles and Jones showed that 

substituting 30% and 10% of the used peat and coal, respectively, with miscanthus and 

short rotation coppice willow for the production of electricitym the ROI annual emission 

of 2004 would decrease of 2.8%, one-quarter of the emission reduction necessary for 

Ireland to comply with its Kyoto commitment [28]. Murphy and McKeogh [29] 

conducted a preliminary study that involved the use of dry mixed non-recyclable and non-

compostable municipal solid waste (MSW). They proposed gasification as an alternative 

to incineration, which involved a higher efficiency of conversion, lower gate fees and 

lower emissions. Gallagher and Murphy [30] performed a preliminary assessment on the 

gasification of willow for syngas production. The study showed that the target of 12% of 

RES-H by 2020 can be met with eleven 50 MW gasifiers, requiring 74,800 ha of land 

under willow, producing approximately 1,800,000 tonnes per year; or two 300 MW 

facilities, requiring 2,000,000 tonnes per year of imported wood chips. Dussán and 

Monaghan [31] investigated the role of AD and gasification of dewatered sludge to meet 

energy demands at Irish wastewater treatment plants, showing a promising energy 

recovery of the plants and lowest cost of the electricity produced, in spite of its high 

capital cost. 

1.5 Bio-SNG production status 

To date no published research has focused on the production of bio-SNG via gasification 

in the ROI. Furthermore, there is a dearth of international publications on the production 

of biomass-derived synthetic natural gas (bio-SNG) through gasification and methanation. 

It is important to study gasification-based pathways, as there are significant synergies 

with AD. In general, gasification and AD require different feedstocks. One of the 

strengths of gasification is its flexibility, which, when combined with AD, can guarantee 

access to virtually the entire biomass resource, especially lignocellulosic feedstock [32]. 

It, therefore, can handle biomass such as forestry waste, agricultural and animal wastes, 

non-recyclable and non-compostable solid waste, and dried grasses and wastewater 

sludges, while AD can accept wide ranges of wet grasses and sludges, algae and seaweed. 

However, more extreme operational conditions and more complex configurations make 

gasification and methanation more suitable for large scale deployment compared to AD 

[33]. The necessity to mobilise a large amount of feedstock, as well as the scattered 
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distribution and low energy content of biomass, makes spatially explicit resource 

assessments a key initial step for the design of a bio-SNG production system. 

Green gas in the form of biomethane produced through anaerobic digestion from wet 

organic biomass is a mature technology and a growing market, with 540 biomethane 

plants in the EU alone [34]. On the other hand, bio-SNG, is still at an early commercial 

stage. Bio-SNG production technologies are usually applied at a much larger scale than 

anaerobic digestion [35], and they source from different biomass feedstocks, such as 

ligno-cellulosic material. Rönsch et al. [36] reviewed current bio-SNG production 

projects, which are summarised in Table 1.1. In 2008, the 1 MWSNG plant in Güssing, 

Austria started operation. Then, other projects commenced their pilot-scale operations in 

Europe, such as GAYA and DemoSNG, or reached pre-commercial maturity, such as 

GoBiGas. Lately, the Bio2G project led by E.ON that is to be built in Landskrona or 

Malmö, Sweden plans an output of 200 MWSNG. The Energy Research Centre of the 

Netherlands (ECN), together with Gasunie and Dahlman, plan a first pilot plant with a 

fuel input of 4 MW, and a bio-SNG output of approximately 2.8 MWSNG considering an 

efficiency of 70% [37], to be built in Alkmar or Delfzijl, Netherlands 

Table 1.1. Gasification and methanation projects status. 

Project  Location Owner Size TRL Status 

GAYA Saint Fons  

(France) 

Engie 400 kWSNG Pilot Under 

construction 

DemoSNG Koping  

(Sweden) 

EU project 50 kWSNG Pilot  Not in 

operation 

(ended 

demonstration) 

BioSNG Güssing  

(Austria) 

EU project 1 MWSNG Pilot Not in 

operation 

(ended 

demonstration) 

GoBiGas Gothenburg  

(Sweden) 

Göteborg 

Energi 

20 MWSNG Demonstration In operation 

 

AMBIGO Alkmar or Delfzijl 

(Netherlands) 

ECN, Gasunie, 

Dahlman  

2.8 MWSNG Commercial  Planned 

Bio2G Landskrona or 

Malmö (Sweden)  

E.ON 200 MWSNG Commercial Planned 

 

The GoBiGas project currently represents the first-of-its kind bio-SNG production facility 

from wood chips and residues, and has reached over 80,000 person-hours of operation 

[38]. With a current capacity of 20 MWSNG, a commercial plant of about 100 MWSNG was 

planned for the second phase of the project, but due to unfavourable market conditions, in 
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2017 the municipality of Gothenburg decided to not initiate to build the commercial plant 

[39]. The system is a combination of a dual bed indirectly-heated circulating fluidized bed 

gasifier developed by REPOTEC, followed by a methanation stage, performed by the 

TREMP™ system from Haldor Topsøe A/S [40].  

The integration of bio-SNG production systems into existing gas networks have a critical 

role in the full commercialisation of the process and consequentially on the 

decarbonisation of the future energy system. Site-specific conditions, such as indigenous 

resources distributions, gas grid locations and transport networks, constrain the capacity 

and sites available for the process, impacting on the profitability of the bio-SNG 

produced. Delivering a competitive product is key, considering the high prices, excluding 

taxes and levies, of NG in Europe: up to 63.2 € MWh
-1

 (in Sweden) for household 

consumers, and up to 41.8 € MWh
-1

 (in Finland) for non-household consumers [41]. 

Moreover, Ardolino and Arena [42] performed a process-based life cycle assessment 

(LCA), showing that bio-SNG presents better environmental performance and higher 

levels of carbon conversion to energy when compared to biomethane. However, 

uncertainty related to the low Technological Readiness Level (TRL) and its large scale 

deployment to benefit the economies of scale cast a shadow on bio-SNG production. 

1.6 Thesis Motivation 

According to the EU Renewable Energy Directive (RED) 2009/28/EC [43], 20% of 

energy consumed in the EU (16% in the ROI) has to be produced from renewable sources 

by 2020. As required under this directive, ROI has adopted a National Renewable Energy 

Action Plan (NREAP) [44] and submitted this to the EU Commission. The NREAP sets 

out the Irish Government’s strategic approach to the delivery of its targets, for renewable 

energy supply (RES) in the electricity generation sector (RES-E, 40%), heating sector 

(RES-H, 12%), and transport sector (RES-T, 10%) by 2020. Currently the ROI is not 

meeting its targets with a RES-E of 27.2%, a RES-H of 6.8%m and a RES-T of 5%, [10]. 

Non-food related feedstock is eligible for double counting of their energy content [45]. 

Gas Networks Ireland (GNI), the gas grid operator in Ireland, proposed to substitute 20% 

of the gas carried in its system with renewable gas by 2030. The intermediate target to 

satisfy the 12% of demand of gas, which equates to 21.5 PJ, by 2024 has been set. These 

objectives target at least 5% penetration of renewable NG for commercial transport and 

heavy fleet, and 10% of the bus fleet in Ireland by 2024 [46]. Bio-SNG production is still 
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at an early commercial stage, but it may be applied at a much larger scale than anaerobic 

digestion [35]. Better whole-systems modelling analysis is needed, grounded in the 

practical reality of gas network decarbonisation options, to provide a stronger evidence 

base for decision makers.[2]. 

1.7 Thesis Aim and objectives 

The aim of this work is to investigate the deployment of bio-SNG production systems on 

existing NG infrastructure, in the specific case of the ROI, considering the design of the 

system, its energy potential, investment necessary and environmental impact. The results 

of the work are of interest to gas TSOs, interested in the deployment of renewable energy 

technologies competitive with conventional fossil fuels and compatible with their gas 

networks, as well as policymakers, whose priority is to drive the decarbonisation of the 

energy sector stimulating the use of emerging low-carbon energy conversion systems. In 

order to create a robust and comprehensive model able to achieve the desired aim, the 

following main objectives are pursued: 

1. To conduct a detailed assessment of the quantity and the distribution of waste and 

residues available for bio-SNG production in a defined region, i.e. the ROI. Once the 

potential available resources are quantified and their chemical compositions defined, a 

first estimation of the bio-SNG that can be produced, considering a constant 

conversion efficiency, is conducted on a national level.  

2. To develop a thermodynamic model simulating the biomass conversion to bio-SNG 

representative of an existing commercial process. The composition of the biomass 

suitable for the existing technology is sourced from objective (1). The resulting mass 

and energy fluxes are crucial for the techno-economic assessment of the production 

stage, providing the efficiency of the process, as well as the capital and operational 

expenditures relations to the capacity of bio-SNG production, which is key 

information for determining the economies of scale of the process.  

3. To develop a geographic information system (GIS) optimisation model of the supply 

chain whose objective function to minimise the unitary cost of bio-SNG and define 

the sizes and sites of the most competitive bio-SNG production facilities along the gas 

network. The resources distribution inputted in the model is sourced from objective 

(1), while the costs related to the production stage are sourced from objective (2). 
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4. To develop a GIS-based multi-objective optimisation model of the supply chain 

whose objective functions, differently from objective (3), defines the sizes and sites of 

the bio-SNG production facilities in relation to both their competitiveness and 

environmental impact.  

5. To conduct a techno-economic assessment of the combination of bio-SNG, sourced 

from objective (2), and biomethane production from organic municipal solid waste, 

gasifying the digestate generated from the AD. This alternative has the beneficial 

effects of recovering the chemical energy in the digestate, which would be lost 

otherwise, and minimising the waste generated, whose disposal is discouraged.  

1.8 Thesis Overview 

The thesis is presented as a series of journal articles. Three of them have already been 

published and two are under review. The thesis subdivision in chapters is described as 

follows. 

Chapter 2 presents a critical review of LCAs applied to biomethane and bio-SNG 

systems, introducing and defining the main methods utilised. The integration of 

environmental impact assessment, through LCA, with complementary techniques, i.e. 

geographic information systems, thermodynamic modelling, and uncertainty analysis, is 

reviewed, remarking limits and gaps. Finally a framework inclusive of all these aspects is 

proposed, setting the theoretical backbone of this thesis. 

Chapter 3 presents the evaluation of the potential and geospatial distribution of wastes 

and residues for bio-SNG production, addressing objective (1). The European and 

national policies affecting waste and residues availability are reviewed, and the 

sustainable available mass potential of these resources are assessed first at a national level 

and then geographically located, presenting maps of their chemical energy potential. 

Finally, the impact of the energy potential of the producible bio-SNG is evaluated on the 

Irish energy sector, discussing barriers and opportunities. 

Chapter 4 presents a spatially explicit techno-economic optimisation of a supply chain 

for deployment of bio-SNG in an existing NG network, addressing objectives (2) and (3). 

A thermodynamic model representative of large-scale commercial process, including all 

the main transformations involved in the process of converting biomass into bio-SNG, is 

developed, tracking mass and energy balances. The efficiencies and composition of the 
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gas produced are validated by experimental results of the process available in the 

literature. A techno-economic assessment of the bio-SNG production is conducted to find 

the relation between size and cost of the plant. A GIS-based model is then created to 

optimise the design of the supply chain, maximising the bio-SNG competitiveness. The 

model integrates the calculated cost-size relation for the bio-SNG production stage and 

the cost of transporting the resources from their origins (sourced from Chapter 3) to the 

conversion facilities, exposing the trade-off between the economies of scale of the 

production, which tend to minimise the unitary cost of bio-SNG at large scales, and 

transport cost, that, inversely, tend to minimise the unitary cost of bio-SNG for small 

scales, i.e. when the collection of the resources is limited only to those regions in the 

proximity of the conversion facility. The GIS-based model finally provides the sites and 

sizes of the bio-SNG facilities that minimises the unitary cost of bio-SNG. 

Chapter 5 provides a spatially-explicit multi-objective optimisation of the supply chain 

for deployment of bio-SNG in an existing NG network, whose objectives are the 

maximisation of the competitiveness of the bio-SNG produced and the minimisation of its 

environmental impact, addressing objective (4). The environmental impact of the supply 

chain, assessed through LCA methodology, is integrated to the GIS-based model created 

in Chapter 4. The Pareto optimality of the size of the plant that considers its economic 

and environmental performances, is investigated. 

Chapter 6 presents a techno-economic assessment of the integration of bio-SNG 

production and AD facilities with the aim to recover the energy from the solid product of 

AD, minimising the waste generated from the process, and maximising the production of 

renewable gas, addressing objective (5). This chapter is based on a previous resource 

assessment and optimisation produced by O’Shea et al. [18,19] for biomethane 

production through AD deployment, and evaluates six different scenarios of waste-to-

energy routes, opposed to the common practices of direct landspreading or landfilling of 

the digestate. 

Chapter 7 contains conclusive remarks based on the results obtained, the advancement of 

the state-of-the-art made in this work, as well as an outline of potential developments of 

the research.
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Chapter 2. Literature review 

2.1 Overview 

Green gas is a promising renewable energy carrier compatible with existing gas networks, 

whose environmental impact and capacity to decarbonise the energy sector can be 

evaluated by life cycle assessment (LCA). This chapter reviews 42 LCAs applied to 

biomethane, produced by anaerobic digestion, and bio-SNG, produced by gasification and 

methanation, discussing the main methodological choices and their effects on the results, 

and highlighting the limits of the use of LCA as a stand-alone approach in real-case 

applications. While uncertainty analysis was performed in 34 of the reviewed studies, 

only 3 studies integrated the LCA with process modelling or geospatial modelling. The 

lack of data for pre-commercial or newly commercialised technologies has necessitated to 

the introduction of thermodynamic models giving mass and energy flows, especially in 

the case of bio-SNG. Limits due to geospatial case-specific constraints have been 

overcome by two studies introducing GIS based models to evaluate the impact of green 

gas production system on a regional level. Facility siting and sizing has been also found 

to be fundamentally important in evaluating the trade-off between profitability and 

environmental impact. Finally, this chapter highlights the need for a hybrid LCA, in 

which LCA is integrated with thermodynamic models of the process, GIS-based 

infrastructure design, and uncertainty quantification, in order to inform stakeholders of 

the economic, environmental and energy potential of green gas production systems. 

2.2 Introduction 

2.2.1 LCA state-of-the-art 

Today LCA is the main methodological reference for guiding sustainability policies and 

design of energy solutions [47]. In standards ISO 14040-14044:2006 [48,49], LCA is 

defined as the "compilation and evaluation of the inputs, outputs and potential 

environmental impacts of a product system throughout its life cycle" and it includes four 

phases [50]. These four phases are: (1) goal and scope definition, (2) life cycle inventory 

(LCI) analysis, (3) life cycle impact assessment (LCIA), and (4) interpretation. The goal 

and scope definition includes the motivation of the study, the intended application and 

audience, and the description of system boundaries. The system boundaries identify the 
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confinement of the system under investigation and they include all the activities involved 

in the production system [49], from the input raw material (feedstock) to the final use of 

the end-product (green gas). The extension of the system boundaries can go from cradle 

(i.e. raw material supply) to grave (i.e. end of life) and even back to cradle again when 

consideration is taken of reuse-recovery-recycling potential. In other words, cradle-to-

grave defines the full life cycle of the product, whereas cradle-to-gate considers the 

partial life of the product. For example, cradle-to-gate analysis could end at green gas 

production, with no consideration on its final use. Besides these definitions, it is good 

practice to list all of the activities comprised in the LCA, which usually include: planting 

and collection/harvesting of the resources, transport, conversion, distribution and, in the 

case of cradle-to-grave boundaries, end use of the main product and waste disposal. The 

LCI is a compilation of the inputs (resources) and the outputs (emissions) of the system 

studied over its life cycle. The LCIA quantifies the potential environmental impacts of the 

studied system. Baseline impact categories, defined by SETAC Working Group on 

Impact Assessment [50], include: depletion of abiotic resources, impact of land use, 

global warming potential, ozone depletion, human toxicity, ecotoxicity, photo-oxidant 

formation, acidification and eutrophication. Besides baseline impact categories, there are 

also study-specific categories that may merit inclusion depending on the goal and scope 

of the LCA study and whether appropriate data are available (e.g. impacts of ionising 

radiation, loss of biodiversity). Additionally, there are other impact categories that are not 

standardized, such as depletion of biotic sources. In the Interpretation phase, the results 

from the previous phases are discussed in relation to the goal and scope [51]. 

2.2.2 Emerging approaches 

For the purpose of integrating emerging low carbon technologies into the existing gas 

grid infrastructure, environmental impact analysis of the systems is necessary but not 

sufficient. Consideration must be given to the economic and energy assessments of the 

energy system, which provides, with the environmental impact, a holistic view on the 

sustainability of the transition [52]. Economic and energy analyses of green gas 

production systems depend on the technology used and the infrastructure design, which 

determine the input-output flows of energy and material. 

The design of the infrastructure depends on site specific data, such as the position of the 

gas grid and injection sites, and distance of the energy conversion plant from the 
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resources. Regionalisation of the environmental impact assessment has been a subject of 

interest recently in LCA practice [53]. LCA is not usually intended to be a regional or 

spatially disaggregated approach, but the scattered nature of biomass availability and its 

integration with existing energy infrastructure necessitate a spatially representative LCA. 

Geographic information systems (GIS) are a set of techniques that combine geography 

and information technology and allow the user to build geographically explicit models. 

GIS integrated with LCA takes account of heterogeneity of a territory on a number of 

levels: resource distribution, transport distances (between resources and conversion 

plants, and/or between conversion plants and demand sites), plant siting, and sizing. GIS 

is essential for system design for two scopes: 

 Spatially-distributed resource assessment, which derives from actual data, based 

on census or measurements, or models, involving parameters affecting yield [54]. 

 Spatially-dependent plant siting and sizing, which depends on an optimisation 

algorithm, constraints, and an objective function [55].  

Hiloidhari et al. [56] reviewed the role and the application of GIS for assessments, 

logistics and plant design, with particular focus on agricultural residues. Plant siting and 

sizing are performed through optimisation of the supply chain, which consists of the 

stages included in the system boundaries defined in the scope of the LCA. The objective 

function of the optimisation can be defined in the scope of the LCA. Examples of this 

include maximisation of profitability, or minimisation of negative environmental impact, 

or both in multi-criteria optimisation, in which results are presented as a set of Pareto-

optimal solutions, which expose the trade-offs [55]. Yue et al. [57] performed a review 

that highlighted the different alternatives and state-of-the-art of supply chain optimisation 

for aquatic and terrestrial biomass. When a spatially-explicit model is necessary for the 

design of the system and it enriches the inventory, it also asks questions about the spatial 

dimension of its impact. O’Keeffe et al. [58] performed a review with the aim to define 

and discuss the regional setting for bioenergy system assessment. Roostaei and Zhang 

[59] developed a spatially-explicit LCA model for algal biofuel production for the United 

States combining LCA, GIS and data specific to each wastewater treatment plant, 

showing the high variation of environmental impact for different locations. Cong et al. 

[60], integrating LCA with a GIS analysis for large scale implementation of bio-

refineries, determined the difference of impact between western and eastern Denmark due 
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to soil conditions and livestock densities. Also, land-dependent resources, such as energy 

crops and forestry products, have regional effects different. Geyer et al. [61] showed how 

the integration of GIS and LCA contribute to localise the impact of land use change on 

biodiversity. 

A second challenge in LCA practice is the lack of data when assessing the impact of new 

technologies [53]. For infrastructure design it is necessary to know the input-output flows 

of energy and materials in the energy conversion system, which determine its efficiency. 

Most of LCA inventory modeling simplifies the processes as black-boxes, with linear 

input-output relationship, ignoring the actual variability of process parameters and 

operating conditions [50]. In the cases in which the mass and energy input-outputs are 

well-known, through already commercial applications that have sufficient monitoring and 

acquisition of data, or an exhaustive set of appropriate experimental results, a process 

model is not strictly necessary. On the other hand, emerging technologies rarely offer 

complete sets of experimental data, but is possible to replicate the real behaviour to some 

degree of accuracy through mathematical models that describe the fundamental 

phenomena that govern the process. 

With the inclusion of a site specific infrastructure design and a thermodynamic model of 

the process, it is possible to define all of the input-output flows of energy and materials to 

adequate degrees of accuracy, which enables a more specific economic analysis, through 

life cycle costing (LCC) [62], and a more specific environmental analysis that enriches 

the LCI. 

ISO 14044 suggests a sensitivity check in the interpretation stage of LCA. The results of 

this determine the need for further sensitivity analysis, as well as identifying apparent 

effects on the study results [49]. Uncertainty quantification (UQ) assesses the influence 

on the results of variations in process data, model choices and other variables. In 

sensitivity analysis, these changes are intentionally introduced in order to determine the 

robustness of the results with respect to these variations. The required data are often 

lacking and since most LCA software does not include the possibility to conduct a full 

sensitivity and uncertainty analysis, such analyses cannot be standardised [50]. Heijungs 

et al. [63] and Huijbregts [64] reviewed the approaches used to quantify uncertainties in 

LCA and provided a general framework for UQ. This includes identifying the sources 

(parameter uncertainty, model uncertainty, temporal variability, spatial variability, 
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variability between objects/sources), and providing the tools to address it (probabilistic 

simulation, correlation and regression analysis, additional measurements, scenario 

modelling, standardisation, expert judgment/peer review, non-linear modelling, multi-

media modelling). Similarly, a number of review papers [65–67] focused on uncertainty 

in LCA, and proposed similar interpretations, highlighting the importance of including 

UQ. 

2.2.3 Review objectives 

This chapter intends to: (1) determine the current limits of LCA methodology applied to 

emerging technologies for green gas production, and (2) provide a framework to guide 

gas TSOs and other stakeholders on the holistic evaluation of green gas transition that 

includes technical design, environmental impact and economic viability. Therefore, its 

specific objectives are to: 

 Review current LCA approaches applied to green gas production; 

 Identify the methodological steps needed for the integration of green gas 

production with the existing gas grid; 

 Propose an LCA-based framework that includes a comprehensive procedure to 

assess environmental, energy and economic impacts for green gas; 

 Make recommendations on the use of the suggested framework, highlighting the 

limits and suggesting improvements. 

2.3 Review Methodology 

A review has been conducted for LCA applied on green gas production systems, i.e. AD 

and biogas upgrading for biomethane, and gasification and methanation for bio-SNG. A 

total of 42 journal articles describing LCA studies of green gas production have been 

found and summarised in Table 2.1. 

The reviewed LCAs have been categorised by the type of green gas produced: 

biomethane (31 studies), bio-SNG (8 studies), or both (3 studies). The review lists goal 

and scope elements of the LCA: goal definition, system boundaries, feedstock involved, 

end use of the product, and impact categories.  

Complementary elements, external to the conventional LCA methodology, used to 

achieve specific goals or to provide more sophisticated results, are highlighted. These 

include process models, geospatial models, and uncertainty analyses. Discussion of these 
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complementary elements is used to highlight gaps in the conventional LCA approaches. 

The limits of the state-of-the-art LCA are identified and examined from the prospective of 

real-world applications. Finally, a set of recommendations for the use of the new 

framework is provided and its strengths and weakness are discussed.  

2.4 Results and discussion 

Table 2.1 summarises the main elements of each LCA investigated, which are discussed 

in detail in the following subsections. Table 2.2 explains of the acronyms and 

abbreviations used in Table 2.1.
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Table 2.1. Overview of the reviewed LCA studies. 

Type of 

green 

gas 

LCA elements Complementary elements  

 Goal Feedstock End use System 

bound

ary 

Impact categories Proce

ss 

mode

l 

Geosp

atial 

model 

Uncertai

nty 

analysis 

Ref. 

B
io

m
e
th

a
n

e 

Fossil fuel 

displacement 

Crops  H, E, T R GWP, En    Adelt et al. [68] 

Process 

comparison 

Food 

waste, 

manure  

E R GWP, En   SA Ankathi et al. 

[69] 

Process 

comparison 

OFMSW  T R GWP, En, AD, Resp,TP   SA, PA Ardolino et al. 

[70] 

Feedstock and 

technology 

comparison 

Crops T R GWP, En   SA, PA Buratti et al. 

[71] 

Process 

comparison 

Algae - A GWP, En, AD, AP, EP, IR, 

LI, OD, PS, TP 

   Collet et al. [72] 

Process 

comparison 

Sewage 

sludge 

H R GWP, En, AD   PA Collet et al. [73] 

Fossil fuel 

displacement 

Algae - A GWP, En, AP, EP   PA Czyrnek-Delêtre 

et al. [74] 

Impact of 

infrastructure on 

regional scale 

Crops, 

manure 

INJ A GWP, En, AP, EP  GIS SA Dresen et al. 

[75] 

Technology 

comparison 

OFMSW H, E R GWP, En, AD, AP, PS    Evangelisti et al. 

[76] 

Process 

comparison 

Food waste  H, E, T R, A GWP, En, AD, AP, EP, TP   SA, PA Koido et al. [77] 

Process 

comparison, fossil 

fuel displacement 

Algae T R GWP, En, AD, AP, EP, Ir, 

LI, OD, PS, TP, Resp 

   Langlois et al. 

[78] 

Fossil fuel 

displacement 

Food 

waste, 

manure 

T R GWP, En, LI   PA Lantz et al. [79] 

Fossil fuel 

displacement 

Rice straw  H, T R GWP, En   PA Liu et al. [80] 

Process 

comparison 

OFMSW, 

manure  

T R GWP, En   SA, PA Lyng et al. [81] 

Fossil fuel 

displacement 

Algae  T R GWP, En, AD, AP, EP, LI, 

OD, PS, TP, Resp 

   Maga [82] 

Upgrading 

technology 

comparison 

Multiple INJ A GWP, En, AD, AP, EP, PS, 

TP 

   Morero et al. 

[83] 

Process 

comparison 

Sewage 

sludge, 

OFMSW 

- A GWP, AD, AP. EP. Resp, 

LI, TP, PS 

  PA Morero et al. 

[84] 

Process 

comparison 

Manure, 

crops 

- A GWP, AD, EP, TP   SA Parajuli et al. 

[85] 

Product use and 

process 

comparison 

Domestic 

Waste 

H, T R GWP, En, AD, AP,EP, LI, 

TP 

  PA Patterson et al. 

[86] 

Feedstock 

comparison and 

technology 

Food 

waste, 

crops 

T R GWP, En, AD, TP   PA, MC Patterson et al. 

[87] 

Feedstock 

comparison 

Multiple INJ A GWP, En, AD, AP, EP, LI, 

OD, PS, TP 

  PA, SA Pierie et al. [88] 

Process 

comparison 

Multiple H, T R GWP, En, AD, AP, EP, LI, 

OD, PS, TP 

  PA, SA Poeschl et al. 

[89] 

Process 

comparison 

Crops  - A GWP, En, AD, AP, EP, IR, 

LI, OD, PS, TP, Resp 

  SA Rahimi et al. 

[90] 

Upgrading 

technology and 

product use 

comparison 

Multiple H, T R GWP, En   PA, SA Rehl et al. [91] 

Technology 

comparison 

MSW - A GWP, En, AD, AP, EP, 

OD, PS, TP, Resp 

  PA Starr et al. [92] 

Upgrading 

technology 

comparison 

OFMSW - A GWP, En   PA, SA Starr et al. [93] 

Impact of waste 

diversion 

Multiple H, E, T R GWP, En, AD, AP,EP, LI   PA, SA Styles et al. [94] 

Feedstock, process 

and end product 

comparison 

Multiple - A GWP, En   SA, MC Tonini et al. 

[95] 
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Feedstock 

comparison 

Crops, 

manure 

- A GWP, En   PA Valli et al. [96] 

Process 

comparison 

Grass, 

slurry 

- A GWP, AP, EP, OD, Resp   SA, PA Vo et al. [97] 

Feedstock and 

process 

comparison 

Algae, 

crops 

- A GWP, En   PA Wang et al. [98] 

B
io

-S
N

G
 

Process 

comparison 

Rice straw E A GWP, En, AD, AP, Resp   SA Feng et al. [99] 

Fossil fuel 

displacement 

Wood H, T  GWP, En, AD, AP, EP, LI, 

OD, TP, Resp 

  SA Felder and 

Dones [100] 

Process 

optimisation 

Wood - A GWP, En, AD, AP, EP, LI, 

OD, PS, TP, Resp 

  SA Gerber et al. 

[101] 

Fossil fuel 

displacement 

Wood H, E, T R GWP, En   SA,PA Holmgren et al. 

[102] 

Process 

comparison 

Wood H, E, T R GWP, En   SA Holmgren et al. 

[103] 

Feedstock, and 

technology 

comparison 

Grass and 

wood crops 

and 

residues 

H R GWP, En    Pucker et al. 

[104] 

Final use 

comparison 

Wood H,E, T R GWP, En, AD, PS AP, EP, 

TP, LI, Resp 

  SA Steubing et al. 

[105] 

Impact 

infrastructure on 

regional scale 

Wood H,E,T R GWP, En, AD, AP, EP, LI, 

OD, PS, TP, Resp 

 GIS PA, SA Steubing et al. 

[33] 

B
o

th
 

b
io

m
e
th

a
n

e
 

a
n

d
 b

io
-S

N
G

 

Process and final 

use comparison 

Multiple H, E, T R GWP, En, AD, AP, EP, LI, 

OD, PS, TP 

  SA, MC Steubing et al. 

[106] 

Process 

comparison 

MSW H,E,T R GWP, En, EP AD    Tagliaferri et al. 

[107] 

Feedstocks and 

process 

comparison 

Wood, 

grass 

T R GWP, En, LI   PA Uusitalo et al. 

[108] 

 

Table 2.2. Explanation of acronyms and abbreviations used in Table 2.1. 

Acronym/ 

abbreviation 

Explanation Acronym/ abbreviation Explanation 

Feedstocks  Impact categories  

OFMSW Organic fraction of municipal solid waste GWP Global warming potential 

MSW Municipal solid waste En Energy analysis 

  AD Abiotic depletion 

End use  AP Acidification potential 

E Electricity EP Eutrophication potential 

H Heat IR Ionising radiation 

INJ Gas grid injection LI Land impact 

T Transport OD Ozone depletion 

  PS Photochemical smog formation potential 

System boundaries  Resp Respiratory 

A Cradle-to-gate TP Toxicity potential inorganics 

R Cradle-to-grave   

  Uncertainty analysis  

  MC Monte Carlo simulation 

  PA Perturbation analysis 

  SA Scenario analysis 
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2.4.1 Goal 

In the review, it is possible to distinguish three main goal categories: 

1. Comparison of the environmental impacts of green gas production and a fossil 

fuel reference system that is intended to be displaced (8 studies). 

2. Comparison of environmental impacts of different: (i) technologies within the 

same conversion process (9 studies), (ii) feedstocks (8 studies), (iii) product end 

uses (6 studies), and (iv) conversion processes (18 studies). 

3. Optimisation and subsequent environmental impact assessment of: (i) the 

conversion process (1 study), and (ii) infrastructure (2 studies). 

The goal determines the choice of system boundaries and possible  use of complementary 

techniques as aids to the LCA. It is evident that for the first two categories of goals, 

which involve a comparison of different systems, the conventional LCA procedure is 

sufficient. On the other hand, for the third category, which involves optimisation, in 

which the objective function can be economic, energy or environmental aspects of the 

system, complementary elements are needed. In the case of infrastructure, optimisation 

needs to involve geospatial data and in the case of the process optimisation needs to 

involve thermodynamic models, which are beyond conventional LCA capabilities. Gerber 

et al. [101] included a process model because the goal of the study was to reach separate 

environmental and economic optimum configurations. Dresen et al. [75] and Steubing et 

al. [33] introduced site-specific constraints to evaluate the infrastructure configurations in 

German regions and in Switzerland, in order to find the sites and sizes for the production 

of green gas with minimum environmental impact and maximum profit.  

2.4.2 System boundaries 

The extension of the system boundary should include the activities that are the main 

sources of environmental impact and exclude negligible activities. In case of energy-

dedicated resources, the system boundaries need to include the production stage. 

Assessing the environmental impact of biomethane production from algae sourced from 

integrated aquaculture, Czyrnek-Delêtre et al. [74] showed that algae farming accounted 

for 25% of the GWP of the whole infrastructure, but the uptake of nitrogen rich waste 

from salmon farming contributed to the highest benefits for marine eutrophication 

potential. Assessing the environmental impact of biomethane production from maize 
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crops in two German regions, Dresen et al. [75] showed the GHG emissions related to 

maize crop production accounted for approximately 45% of the total emissions of the 

infrastructure. Pierie et al. [88] compared different feedstocks for biomethane production 

through AD, showing that maize production accounted for almost twice the GHG of the 

second most important category. 

System boundaries might be expanded to also include the life cycle of by-products and 

co-products. An example here is the case of digestate handling and its use as replacement 

for mineral fertilisers. Conversely, the substitution method corresponds to consider the 

impacts of replacing a reference material with the by-product; for example, assuming the 

use of digestate as fertiliser would save the equivalent amount of mineral fertilisers for N, 

P and K. Some authors considered only credits without extending the boundaries to the 

activities related to the substituted product, such as its production [91]. Koido et al. [77] 

excluded the environmental impact saving from the assessment, but included the use of 

digestate from food waste instead of mineral fertiliser in an economic analysis. Ardolino 

et al. [70] assumed the digestate from processing MSW is directed to landfill because it is 

not considered suitable for agricultural use according to Italian legislation. Liu et al. [80] 

assessed the impact of the use of digestate from corn straw as fertiliser, contrasting the 

production of mineral fertiliser using coal, that resulted in the greatest energy and 

emission saving. Lyng et al. [81] calculated that the use of digestate as fertiliser leads to 

large emission reductions but high costs of supply to farmers, when compared to the 

scenarios in which the manure is directly used as fertiliser, and in which digestate is 

dewatered and composted. Parajuli et al. [85] showed that direct application of manure on 

the soil leads to higher N2O emissions compared to the scenarios in which the manure is 

used as feedstock for AD and the digestate produced is landspread. Morero et al. [84] 

show that the impacts of incineration of digestate produced from co-digestion of sewage 

sludge and OFMSW are higher in all the environmental impact categories evaluated, 

except for land occupation, because of the lower water volume, due to lower water 

content, of the digestate transported to the incineration plant compared to the other 

scenarios. In case of biomethane production using seaweed, Czyrnek-Delêtre et al. [74] 

showed that, in their case, digestate handling, storage and field application, contributed 

11% of GWP, and over 80% of acidification and eutrophication impact. Dresen et al. [75] 

showed that biogas installations based on liquid manure act as greenhouse gas sinks when 

the replacement of mineral fertiliser with digestate is considered. Evangelisti et al. [76] 
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showed that the substitution of commercial fertiliser with digestate on agricultural soil 

contributes to -4% of the total GWP of the biomethane production from OFMSW. 

Poeschl et al. [89] found that, when residual biogas is recovered from digestate storage 

from any feedstock, the environmental impacts of digestate management are reduced to 

one-tenth. Along with benefits, controversial results have also been found by researchers. 

Patterson et al. [86] argued that digestate from domestic waste application to agricultural 

land contribute to the emission of carcinogens, due to the presence of low concentrations 

of heavy metals such as cadmium and arsenic. Styles et al. [94] pointed out that ammonia 

(NH3) emissions from digestate management and use increases eutrophication and 

acidification. 

It is worth noting that digestate from any feedstock, as a by-product of AD, has generally 

a significant impact that cannot be omitted. Even if mineral fertiliser substitution with 

digestate results in an emission reduction, digestate storing and handling can be a source 

of emission if not managed properly. Moreover, land application of digestate generated 

from feedstock that contain non-organic materials or minerals can be a source of 

carcinogens emissions. In general, the expansion of system boundaries to include by-

products successfully reveals significant impacts and its application is recommended by 

Weidema [109] for perspective LCAs. 

2.4.3 Feedstock 

From categorisations used in the reviewed articles, it is possible to divide biomass 

feedstocks into: 

 Dedicated resources, if the resources are produced specifically for being converted 

into energy (e.g. energy crops, short rotation forestry, algae) 

 Waste and residues, if the resources are by-products of other production systems, 

in which their economic values are low (e.g. manure, municipal solid waste, 

sewage sludge, straw, forestry and agricultural residues). 

This classification helps to determine the system boundaries. As stated in section 2.4.2, 

dedicated biomass requires consideration of the production stage, while wastes and 

residues, as proposed by the European Commission, are not considered directly 

responsible for the environmental impact of their production processes [110]. 
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A second distinction can be made based on the moisture content of the feedstock. This 

classification gives information on the most suitable conversion pathway. Wet feedstocks, 

with water content greater than 70% approximately, are preferable for biomethane 

production through AD, where high water content favours the fluidisation of the 

feedstock in the digester and its decomposition [6]. Feedstocks with moisture contents 

below approximately 12% are preferable for bio-SNG production through 

thermochemical routes combining gasification and methanation, but also feedstocks with 

higher moisture content can undergo gasification previous pre-treatment that reduce its 

water content [111]. 

A third distinction can be made on the basis of the feedstock’s chemical composition: 

 Organic, if it is composed of carbon-based compounds that come from plants or 

animals, and their waste products.  

 Inorganic, if the feedstock is of a non-biological origin, for example plastics. 

Organic feedstock, as is evident from the literature review, is the most investigated, 

widely used, and best characterised input material for green gas production. The use of 

MSW as a feedstock for gasification introduces a large amount of hazardous and 

undesirable products such as tars, alkali metals, chloride and sulphide into the conversion 

process. However, commercial technologies able to process inorganics feedstocks are 

available [112]. Plasma technologies completely decompose the input waste material into 

bio-SNG free from tars and an inert vitreous inorganic material (i.e. slag) [113]. 

Investigating the environmental impact of a two-staged gasification and plasma converter 

unit proposed by Advanced Plasma Power [114,115], Tagliaferri et al. [107] showed the 

strong dependency of the GWP of this process on the energy mix employed for the 

production of electricity used by the plasma converter. 

When different energy conversion pathways are compared for different feedstocks, it has 

been found by Steubing et al. [106] that the production of green gas is not always the best 

option in terms of environmental impact. For example, agricultural residues converted to 

ethanol or the use of sewage sludge for power and heat generation present more benefits 

than the production of biogas for transport, in both cases because of the higher 

efficiencies of those processes. 
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Because of the two distinct routes to its production, green gas production allows the 

mobilisation of a wide range of feedstocks, with significantly different physical and 

chemical characteristics, and economic values, that might lead to different environmental 

and economic impacts. 

2.4.4 Impact categories 

While GWP savings are found in every reviewed study, the results of other impact 

categories are not always positive. Results presented by Collet et al. [72] revealed that 

ionising radiation has one of the highest impacts for green gas produced from algae due to 

the strong demand for electricity, produced with an energy mix based on the European 

average, which includes nuclear power. Steubing et al. [105] showed that bio-SNG 

production is beneficial with respect to GWP and particulate emissions, but has a negative 

impact on NOx emissions compared to wood-based heating that are also more efficient. 

However, the use of bio-SNG as transport fuel is a promising option regarding 

environmental performance and future demand. Styles et al. [94] extended the land 

impact category to also consider indirect land use change, cancelling out 42% of GWP 

savings calculated in the scenario in which it was not considered. 

Therefore, the inclusion of the largest quantity of impact categories is necessary to 

present complete results, avoiding the risk of omitting impact categories with negative 

results. 

2.4.5 End use 

The end use of green gas, which is considered in the cradle-to-grave assessments shown 

in Table 2.1, is to replace NG in any of its current uses: heating, transport, and electricity 

production. In cradle-to-gate assessments, the green gas final use is considered to be 

injected in the gas grid. 

Koido et al. [77] compared the results of the impact of biomethane production first from a 

cradle-to-gate boundary and then from a cradle-to-grave. The cradle-to-gate analysis 

resulted in 55 gram of CO2eq per MJ of CH4. In the cradle-to-grave analysis, the result is 

converted into emission per kilometre travelled, 132 kg of CO2eq per km. This is 

compared with the emission of alternative transport fuels, such as 453.9 kg of CO2eq per 

km of hydrogen, 602.1 kg of CO2eq per km of methanol, 421.4 kg of CO2eq per km 

dimethyl ether and 446 kg of CO2eq per km of Fischer-Tropsch diesel. The cradle-to-gate 

approach made the choice of the best substitution on a GWP basis more obvious.  
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Comparison of end uses of green gas, possible only with a cradle-to-grave approach, is 

also a valuable aid to policymakers and investors. Steubing et al. [106], who compared 

uses of energy produced from different kinds of feedstocks, showed that the end uses in a 

European context have different impacts. They found that woody biomass has a lower 

environmental impact if used for combined heat and power (CHP) generation, 

substituting heat from coal and electricity from coal or oil, compared to conversion to 

bio-SNG and subsequent combustion in a combined cycle power plant. Furthermore, they 

noted that the most environmentally beneficial use of organic non-woody biomass is 

conversion to biomethane, via AD and upgrading, and its subsequent use in combined 

cycle plants. Results for some environmental indicators in that study also suggest that oil 

should be replaced before NG and that bio-SNG has a beneficial environmental impact if 

used as a substitute for oil-based heating and transportation systems [105]. Patterson et al. 

[86] showed that biomethane utilisation as a transportation fuel offset more fossil fuel 

than when used in a CHP system with 80% heat utilisation, indicating that the 

environmental impacts deriving from the upgrading of biogas are less than the 

environmental benefits caused by the reduction of diesel fuel use. The use of biomethane 

for domestic heating, in substitution of NG, was found to offset more fossil fuel than its 

use in transportation, but with less environmental benefits, because of the similar 

emission at end use of biomethane and NG. 

Generally, it has been found that, in terms of GWP, the substitution with green gas has to 

prioritise the end use (heat, electricity or transport fuel) that relies on the most carbon-

intensive fuels.  

2.5 Complementary elements 

This section describes techniques additionally used in the reviewed LCAs. The use of 

complementary practices are goal-dependent, thus their use can be necessary or they can 

provide a further level of sophistication to the LCA.  

2.5.1 Geospatial model 

Dresen et al. [75] used a GIS-based calculation tool to combine site-specific data on 

biomass potentials, infrastructure, and land for siting of biogas plants, in order to 

calculate site- and plant-specific balances of material flows, costs and emissions released 

along the process chain. In the case of Switzerland, Steubing et al. [33] introduced models 

to account for site-specific wood availability, environmental impact of harvesting and 
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transportation of wood to plants, depending on the topography and road network. The 

results showed that the major driver of the environmental performance is the end use of 

the bio-SNG, and which fossil fuel it substitutes, while the environmental impact of wood 

availability, harvest and transportation is limited. Moreover, the study showed that plant 

size and site impact environmental benefits, highlighting a trade-off between 

environmental performance and profits. While the plants with lower environmental 

impact have sizes between 5 and 40 MW , the most profitable plants are between 100 and 

200 MW, sourcing the LCC from thermo-economic process model for the production of 

bio-SNG, developed by Gassner and Maréchal [116,117] and Gassner et al.[118]. 

Although not a full geospatial model of the bio-SNG production infrastructure, Gerber et 

al. [101] used GIS as an aid to calculate the average distance from the forest to the bio-

SNG plant in order to calculate the environmental impact of the transport of the biomass 

to the conversion site. 

GIS-based models, as used by Steubing et al. [33], revealed multiple purposes: they can 

assess the distribution and availability of the resources, calculate the distances from the 

biomass origins to the conversion facilities, and after an optimisation, determine the site 

and size of the facilities and their environmental and economic impact. The use of GIS-

models is still limited as the literature review shows.  

2.5.2 Process model 

‘Black-box’ models are sufficient when the technology is well-known and/or direct 

measurements of inputs and outputs are available. In the case of commercial AD, a black-

box model supported by experimental data appears to be sufficient for the description of 

material and energy flows of the energy conversion process [74]. 

When the technology under consideration is at an early commercial stage, a mathematical 

model of the process allows transparent assessment of input-output dependencies between 

the feedstocks and the end products of the process. Thermodynamic models (TMs) use 

equations for mass and energy conservation, and assumptions of chemical equilibrium or 

pseudo-equilibrium to describe the steps involved in complex thermochemical processes. 

The complexity of the model depends on the thermochemical processes involved. 

However, TMs offer a good basis for mass and energy dependences needed in an LCA 

when primary data are unavailable, although it should be noted that TMs are not free from 

uncertainty.  
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Deconstructing a process into several models representing each step in individual pieces 

of equipment also has benefits: the direct impact of each step of the process is 

quantifiable, mass and energy balances in each step of the process constitute important 

information for inter-step process integration. Mass and energy balances in each piece of 

equipment provide valuable information for cost analysis and techno-economic 

assessment of the process. 

Gerber et al. [101] integrated LCA with a TM of gasification and methanation for bio-

SNG production. The authors compared the environmental impacts of a bio-SNG 

production system via gasification and methanation using three LCA modelling 

approaches: (i) conventional LCA using mean input data of the conversion process for the 

LCI from the literature Felder and Dones [100], (ii) LCA integrated with a TM developed 

by Gassner and Maréchal [116,117], and (iii) LCA integrated with the same TM but with 

integrated CHP production from excess heat by a steam Rankine cycle, allowing for 

comparison of the impact of the by-products and of the process integration. Figure 2.1 

presents the aggregated environmental impacts predicted by the three approaches using 

the methodology Ecological Scarcity 2006 [119], single score, which groups impact 

categories into air emissions, surface water emissions, groundwater emissions, top soil 

emissions, energy resources, natural resources, and deposited waste. It showed that the 

inclusion of a TM that sizes each piece of equipment according to the process design 

reduced the environmental impact, due to improved modelled conversion efficiency. It 

also showed that the recovery of the excess heat for electricity production results in a 

further drastic reduction of impact to such an extent that the bio-SNG production 

combined with cogeneration has a positive environmental impact. This can be explained 

by the fact that the electricity demand of the process is partly covered by the power 

produced by the steam Rankine cycle. 
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Figure 2.1. Comparison of LCIA relative aggregated environmental impact results per MJ of input wood, 

with methodology Ecological Scarcity 2006, single score, obtained by conventional LCA and by LCA 

integrated with TM with and without recovery of by-product (excess heat) to produce heat and power 

(source: Gerber et al. [101]). The impact is expressed in a scale relative to the impact of the conventional 

LCA. 

TMs have been used as aids for many LCAs for bio-SNG. Steubing [33] sourced thermo-

economically optimised technology configurations from Gassner and Maréchal [116,117] 

and scaled them and evaluate the environmental and economic impact in the case of their 

application in Switzerland. Similarly, Holmgren et al. [102,103] sourced the TM for bio-

SNG production by Heyne et al. [120] and evaluated heat recovery from the process and 

its utilisation as by-product of the bio-SNG production. 

Beyond a more accurate and case-specific representation of the environmental impact, 

TMs can be used for process sizing and performance of techno-economic studies that 

incorporate cost functions of each piece of equipment.  

2.5.3 Uncertainty quantification  

Uncertainty quantification (UQ) is generally defined as addressing the problem of using 

information that is unavailable, wrong, unreliable, or shows a certain degree of variability 

[63]. The literature agrees on dividing uncertainty into aleatory, which is due to the 

randomness of a process and can be parametrised by a probability function, and 

epistemic, which is due to lack of knowledge. Any further categorization differs from 

paper to paper. Related to LCA, it is possible to find aleatory uncertainty in the 

-500% 

-400% 

-300% 

-200% 

-100% 

0% 

100% 

200% 

Conventional LCA LCA + TM LCA + TM (with 

recovery of by-

product) 
R

el
at

iv
e 

o
v
er

al
l 

en
v
ir

o
n
m

e
n
ta

l 
im

p
ac

t 



Chapter 2 

 

 

28 

parameters employed, in the model built, and in the methodological preferences. Table 

2.3 presents examples of uncertainty sources and Table 2.4 presents the types of 

uncertainty evaluated in the articles reviewed and the technique used to address them. In 

the reviewed literature, it is possible to find three main techniques for UQ: perturbation 

for sensitivity analysis, scenario analyses and uncertainty analysis via Monte Carlo 

simulation. 

Table 2.3. Classification of UQ used in the LCA review. 

Uncertainty categories Uncertainty 

source 

Examples 

Aleatory  Parameters 

 

Model  

 

Preferences  

Lack of data, data unrepresentativeness, data 

inaccuracy. 

Inaccurate assumptions, Inappropriate cause-

effect relations. 

Choices related to: goal and scope, boundaries, 

functional units,  

Epistemic Temporal 

dimension 

Physical system 

Environmental changes, societal changes. 

 

Related to development or different use of: 

materials, technology, design. 

 

Table 2.4. Summary of the main techniques used in the reviewed articles. 

Technique Uncertainty source Applied in 

Perturbation analysis Parameters [33,70,71,73,74,77,79–81,84,86–

89,91,92,94,96–98,108] 

Scenario analysis Temporal dimension [33,75,88,90,102,103,106] 

 Physical system [69–71,81,85,89,91,93–95,97,105] 

 Preferences [33,77,99–101] 

Monte Carlo simulation Parameters [87,95,106]  

 

Perturbation involves the study of the effects of small changes within the system on the 

results of an LCA, and it is usually applied to those parameters that are not certain or that 

can undergo variations.  

In the case of biomethane production, Valli et al. [96], Ardolino et al. [70], Buratti et al. 

[71], Vo et al. [97], Starr et al. [93] and Styles et al. [94] agreed that methane slip from 

the process and/or N2O emission of digestate storage are highly sensitive parameters in 

the biomethane production process. 
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Distance travelled by the feedstock or the digestate is another key factor. Pierie et al. [88] 

found that transport distances of all the feedstocks studied should not exceed 150 km, 

when transported using diesel, or to over 300 km, when transported using green gas, in 

order to have environmental benefits. Poesch et al. [89] found that the maximum 

transportation distance allowed before neutralising the environmental benefit of 

biomethane produced from cattle manure, corn silage and MSW are 64, 53 and 229 km. 

Therefore, excluding the impact of transportation, MSW is the feedstock with the larger 

positive impact, then cattle manure and the corn silage. The maximum transportation 

distance for digestate disposal from the same feedstock was found within 95, 19 and 33 

km radius, respectively. These results depend mostly on the different N, P, K contents of 

the feedstocks (higher in cattle manure), thus the substitutions of different quantities of 

mineral fertiliser. 

The sensitivity of economic parameters on the profitability of the green gas production is 

also a matter of interest. Morero et al. [84] showed that in order to encourage alternative 

waste treatment plants and avoid landfilling of OFMSW and sewage sludge, a stable and 

long-term subsidy policy is needed. Koido et al. [77] reported that biomethane yield, 

electricity price, and plant scale are the most sensitive parameters for payback time for 

food waste AD. Lyng et al. [81] found that the profit of a biogas plant is highly sensitive 

to variation of income from sales of biogas and income from sales of dry digestate, as 

well as costs for wastewater treatment. Among others, the impact of variations of biomass 

composition [74], energy consumption [108], biomethane productivity [98], yield of gas 

production [88], are perturbed and evaluated as sources of uncertainty. 

Another common technique for UQ is scenario analysis, in which uncertainties are 

evaluated by changing model parameters to represent arbitrarily chosen sets of 

circumstances (scenarios). In scenario analysis a number of different data sets, models, or 

choices are investigated to observe their impacts on the model results. Scenario analysis is 

a technique to evaluate possible future scenarios envisioning new policies, different mixes 

of primary energy, or projected future conditions. Steubing et al. [33] evaluated two 

scenarios: a baseline scenario and a green future scenario. The baseline scenario refers to 

current costs and sales prices, technologies and wood availability. The green future 

scenario is a characterized by an increased scarcity of fossil energy resources and 

increased incentives for renewable resources use. In the latter scenario, environmental 
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performance is better due to technological improvement but gained profits are lower, due 

to higher costs. A similar approach was used in another article by Steubing et al. [106]. 

Holmgren et al. [103] considered market conditions for 2030 and 2040, combined with 

two different policy scenarios, in which the prices for coal, oil and NG, and CO2 costs are 

based on projections. The authors found that the profitability is highly dependent on 

feedstock prices. Current end future energy mixes are considered by Vo et al. [97], 

finding that AD and power-to-gas are beneficial if the electricity comes from carbon-free 

sources. 

Scenario analysis can be used to compare physical changes in the process, including 

increased efficiency, or substitution of technology and/or fuel. Holmgren et al. [102] 

compared different alternatives of excess heat utilisation (power generation, district 

heating or steam generation) and different feedstock origins (local wood chips, imported 

pellet, regional pellets). Ankathi et al. [69] compared AD to different landfilling scenarios 

of food waste and manure, finding AD more environmentally beneficial when substituted 

to, in order from the most methane emitting, (i) uncontrolled landfilling, (ii) gas 

collection and flaring, (iii) gas collection and electricity generation operating at steady-

state. 

Scenario analysis is also used to compare different methodological choices in the 

evaluation of the impact. The studies that aggregate the impact categories into a single 

environmental impact show the results for more than one LCIA method, in order to show 

the impact of different weights given to each impact category when aggregated. Gerber et 

al. [101] compared results obtained with two different aggregation methods: Ecological 

Scarcity 2006 [119] and Eco-indicator ‘99 [121] single score methods. They found that 

the results differed because of the lower weight given to electricity consumption with the 

Eco-indicator ’99 method compared with Ecological Scarcity 2006. Using the same two 

aggregation methods, Steubing et al. [33] highlighted that the Eco-indicator ‘99 penalises 

land use more than with Ecological Scarcity 2006. Felder et al. [100] compared the results 

obtained by different methods of weighting of the Eco-indicator ’99: Individualist, 

Egalitarian, and Hierarchist; in these three methods, different weights are given to the 

impact categories that present damage to ecosystem quality, human health and resources. 

This study showed that the bio-SNG car system has a lower impact than the petrol/diesel 

car system with all used LCIA schemes except the EI’99-Individualist perspective. The 
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use of bio-SNG as transport fuel, when compared to petrol and diesel, present lower CO2, 

NOx and SO2 emissions, but higher particulate emissions, land occupation, indirect 

production of radioactive waste through the use of the Swiss electricity, and use of metal 

resources. The latter is heavily weighted when applying the Individualist perspective, 

resulting in a better score for the petrol/diesel car system with respect to bio-SNG cars. 

Feng et al. [99], analysing the production of bio-SNG from rice straw, compared the 

difference in the impact resulting from using different allocation basis of the rice straw 

and rough rice: mass, higher heating value, exergy and economic allocation. While the 

abiotic depletion and GWP indicators are not altered by the allocation basis, the 

acidification potential and respiratory inorganics indicators are heavily affected. Koido et 

al. [77], as explained in Section 2.4.5, presented the results using two different system 

boundaries cradle-to-gate and cradle-to-grave, to better inform the source of 

environmental impact in the process. 

Monte Carlo simulation is a probabilistic analysis used to determine aleatory uncertainty. 

This method consists of varying all the parameters randomly in the range of associated 

probability distributions. Randomly selected values from all the parameters distributions 

are inserted in the equation that produces the output values. Repeated sampling and 

calculations produce a distribution of the output values, reflecting the combined input 

uncertainties [64,106]. The Monte Carlo simulation is useful when a large amount of 

model parameters are involved and the perturbation analysis of each individual parameter 

is unpractical. Steubing et al. [106], with 1500 scenarios evaluated, introducing a Monte 

Carlo simulation for LCI and LCIA input parameters, observed that the trends presented 

in this study were maintained for standard deviations higher than 0.2, but higher 

uncertainties led to less clear results of the use of biomass intended in the study. Tonini et 

al. [95], with 554 scenarios evaluated within their Monte Carlo simulation, comparing 

different biomass, processes and end uses, highlighted that among all the inputs of their 

scenarios, the crops yields of Miscanthus, willow, and ryegrass were a source of major 

uncertainty.  

2.6 Practical implications  

2.6.1 Current challenges and future prospects 

Setting the sustainability of the gas network decarbonisation through green gas 

production as a goal of a LCA leads to specific methodological choices. System 
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boundaries need to include all the main activities involved in the supply chain: resource 

cultivation and/or harvesting, transport, conversion process, distribution and end-use of 

the main product and by-products. The biomass availability in a region limits the choice 

feedstock to investigate, and its quantification and distribution determine the 

configuration of the supply chain. The end use of the green gas depends on the energy 

demand, energy mix and market, which are site-specific factors. The conversion process 

needs to include mass and energy flows that need to be determined when real data are 

unavailable. Moreover, by definition of sustainability, the economic assessment needs to 

be included. Finally, the major sources of uncertainties need to be identified among the 

input parameters. GIS-based models, TM and UQ integrated with LCA, can address this 

goal.  

The way LCA is integrated with other techniques was investigated by Udo de Haes et al. 

[122], who defined three approaches: (i) extending the LCA to the other techniques as 

one consistent model, (ii) using the techniques as separated tools in a toolbox, or (iii) 

hybridising the previous two alternatives, combining the models with data flows between 

them (Figure 2.2). Udo de Haes et al. [122] examined the third strategy proposed and 

expressed the necessity for more detailed analysis of practical implications.  
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Figure 2.2. Three strategies to overcome LCA limitations. The green boxes represent the traditional LCA, 

the yellow boxes represent complementary techniques (such as GIS, TM and UQ) which can be associated 

to the traditional LCA. The dependence from each other determines the typology of the resulting model, 

according to Udo de Haes et al. [122]. 

A hybrid approach is proposed in the present chapter for further study, in which the LCA 

methodology interacts with other techniques, presented in the form of modules, to 

overcome classical LCA limitations. This framework is shown in Figure 2.3 and 

constitutes five interconnected modules, including the classical LCA methodology. Each 

module, and its connections with the others, are discussed below, as well as the existing 

techniques found in the literature.  
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Figure 2.3. Proposed framework to integrate LCA with Geographic Information System (GIS), 

thermodynamic model (TM), life cycle cost (LCC), and uncertainty quantification (UQ) modules. The 

orange broken arrow shows the economic objective of the optimisation and the green broken arrow the 

environmental objective of the optimisation.  

A spatially-explicit resource assessment combined with infrastructural objects (transport 

network, gas grid) form the input of a GIS-based model for siting and sizing the 
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conversion sites [123]. GIS is essential for the design of the system and it constitutes a 

platform on which the optimisation of siting and sizing can be performed. The 

introduction of GIS into the LCA framework allows evaluation of the environmental 

impact of a specific case. 

Models that describe the relationship between environmental impacts, economic 

performance, and plant size are currently a limiting factor for LCA involving emerging 

technologies. In order to bridge this gap, further data collection, process modelling, and 

the development of technology scaling laws are necessary. TM introduces the 

technological dimension and a more sophisticated cause-effect link between operational 

parameters and environmental impact of the conversion system into the LCA. Coupled 

with a cost inventory of each piece of equipment, TM provides a techno-economic 

assessment of the conversion system, providing the total investment and operation costs 

for the conversion system.  

TM takes into account the impact of feedstock properties such as ash, moisture content 

and elemental composition on the performance of the conversion processes. Moreover, 

operational variables are not necessarily fixed, so conversion systems may be integrated 

into biorefineries, and the efficiency of conversion can be improved, modifying the 

results given by LCA. 

LCC is a tool to determine the profitability of a system over its lifetime considering 

construction, operation, maintenance and, finally, disposal of wastes. The major 

economical trade-off in the design of bioenergy supply chains is between the costs of 

transportation and the capital costs of production facilities [124]. Transportation costs 

increase linearly with the weight of feedstock transport and travel distance, which favours 

small-scale, distributed fuel production. On the other hand, capital costs of production 

facilities benefit from economies of scale, which favours large-scale, centralised fuel 

production. 

The total investment cost of the process is calculated in the techno-economic assessment, 

while the transportation cost is defined after the design optimisation in which each 

spatially-explicit resource is allocated to a plant and the transport distance is calculated. 

Economic indices, such as net present value (NPV) or levelised cost of energy (LCOE), 

can be calculated and used as objectives of economic optimisation. These indices account 
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for the time value of money over the lifetime of the project by using discounted cash flow 

analysis. 

Although the ISO standards for LCA [48,49] mention the use of uncertainty analysis, no 

concrete guidance is provided. This is, however, being addressed by several ongoing 

initiatives that complement ISO standard development [51]. When integrated with other 

tools, the UQ should not only account for the uncertainties related to the LCA, but also to 

those related to other techniques used, such as TM, GIS or LCC. On one hand, spatially 

explicit LCA increases the accuracy of assessment by accounting for site-specific 

production conditions, which, on the other hand, are rarely measured and can be difficult 

to validate [125]. TM might reduce uncertainties related to the input-output flows of 

energy and materials, but can introduce uncertainties related to the parameters and the 

model used. Techno-economic assessment for emerging technologies introduces 

uncertainty in the LCC, such as the costs of technologies, functions of learning curves, 

and the future scenarios involving prices and policies. If it is decided to invest in an 

emerging technology, this contributes to the development of the technology and is likely 

to contribute to reducing the manufacturing cost of the equipment and to improve the 

technological performance of the equipment [126]. In this sense, the investment made by 

the first TSO makes it more likely that other TSOs will make similar investments, 

resulting in a snowball effect. Moreover, biomass will play a greater role in the global 

economy and/or future bioeconomy in biorefineries, where not only energy will be 

produced but also bio-based materials and chemicals. The necessity to assess mass and 

energy flows will become even more pressing not only in the same process but between 

more processes. In fact, system integrations between energy conversion pathways, not 

only cascading AD and gasification, but also with power-to-gas technology as presented 

by Wall et al. [35], will require a deep knowledge of mass and energy exchanges between 

the technologies involved, which the suggested framework can provide.  

2.6.2 Recommendations 

The suggested framework of hybrid LCA is proposed to provide a structure which 

consistently includes environmental, energy and economic performances of green gas 

production systems integrated with the existing NG grid. This can provide TSOs and 

other stakeholders with a greater understanding that not only reflects the environmental 
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impact of a system but also its profitability, energy potential, sizes, sites and the design of 

the infrastructure, and the investment necessary. 

Each additional module covers limitations of traditional LCA, such as:  

 The TM module provides mass and energy balances necessary for the LCI, which 

might be unavailable or uncomplete for emerging technologies, and allows the 

sizing and techno-economic assessment of the process. TM also constitutes an 

initial step for process optimisation. 

 The GIS module provides a spatially-explicit resource distribution and a tool for 

the supply chain design, siting and sizing of the facilities, allowing an in-depth 

evaluation of the infrastructure design, constrained by the existing gas grid and 

injection sites, and supplying the LCC with precise transport distances needed to 

calculate transportation costs.  

 The LCC module provides the economic indices characterizing the system, which 

can also be used as objective functions for system design, in case of economic 

optimisation. 

 The UQ module provides insight into the uncertainties affecting each module, 

exposing uncertainty sources and their impact on the overall performance. 

Each module inevitably introduces more uncertainty sources, despite bringing benefits to 

LCA, as shown in Table 2.5. The structure of the framework does not exclude the 

possibility to add one or more modules to perform a post-evaluation of the model impact 

once the configuration is optimised environmentally or economically.  
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Table 2.5. Summary of the pros/cons of the proposed framework. 

Module Advantages Limits 

TM  Detailed mass-energy balance  

 Introduction of techno-economic assessment 

 Parameters from literature 

 Simplified modelled behaviour of the 

process 

GIS  Resource distribution 

 Introduction of site-specific constraints 

 Spatially-explicit siting and sizing 

 Approximation introduced by scarcity or 

lack of spatially-explicit resource databases 

 

LCC  Introduction of economic indices 

 Possibility to use an economic index as an 

objective function for the optimisation 

 Scarcity or lack of commercial cost data for 

emerging technology 

 

UQ  Exposure of sensitive parameters 

 Impact of the uncertainty on results  

 Large number of parameters 

 Variability set arbitrarily  

 Difficulty to assess the combined effect 

 

2.7 Conclusion 

Conventional LCA is a widely-used tool to determine the environmental impacts of a 

system throughout its life cycle. However, LCA is ineffective as a stand-alone tool to 

assess the sustainability of a system beyond its environmental impact. Transition to green 

gas production is a delicate activity for TSOs, which is driven by environmental 

pressures, but also requires large investments and planning, and depends on existing 

infrastructure and biomass availability. 

With respect to process and network configurations, its energy and economic 

performances, a regionally contextualised approach provides the benefit of introducing 

spatial constraints present in real-cases. The TM provides knowledge of the mass and 

energy dependencies, favouring energy recovery, improvements, integration, and 

optimisation. TM also provides information for the techno-economic assessment of the 

process that, when added to the LCC of the network, are used to calculate energy and 

economic performances of the system. A hybrid LCA framework has been proposed in 

this chapter, whose results provide a spatially-explicit context for system design, its 

energy production performance, environmental impact and economic viability. 

Uncertainty related to the deployment of emerging technologies would need the 

identification of the sensitive parameters and their impact on the overall system. Where 

the stand-alone LCA methodology is restricted to environmental sustainability of a 

system, the combination of these elements would provide to policymakers and TSO a set 



Literature review 

 

 

39 

of detailed and essential information needed for the design of a green gas transition 

system and its economic, energetic and environmental sustainability. 

2.8 Final remarks 

In this chapter, LCAs of biomethane and bio-SNG systems are reviewed, showing an 

overall lack of integration of an environmental impact assessment with other techniques 

able to deliver a comprehensive set of information, including detailed energy flows, 

environmental and economic impact of the designs of supply chain for biomethane and 

bio-SNG. A framework for integrating LCA with GIS modelling, thermodynamic 

modelling, life cycle costing and uncertainty quantification was developed to guide future 

methodologies.  

In Chapter 3, the quantity and the distribution of available waste and residues suitable 

for bio-SNG conversion in the ROI have been assessed, as an initial step for the design of 

the infrastructure in a regional context, integrated with its economic and environmental 

impact, evaluated in the following chapter.



Chapter 2 

 

 

40 



41 

 

Chapter 3. Potential and geospatial distribution of 

waste and residues for bio-SNG production 

3.1 Overview 

This chapter provides a sectorial input-output resource assessment and spatial distribution 

for wastes and residues that could be used as feedstock for bio-SNG production, in the 

case of the ROI. European and national policies that regulate the use of agricultural and 

forestry residues, and tertiary waste are reviewed. Geospatial distribution of the available 

sustainable potential of each feedstock are computed and shown in maps with the existing 

gas network. Results show that bio-SNG has the potential to provide 10.18 PJ/a, of which 

7.16 PJ/a is supplied by dry mixed municipal solid waste, 2.5 PJ/a by forestry residues 

and 0.52 PJ/a by sewage sludge, agricultural residues, and digestate. The total amount of 

potential energy is equivalent to 5.90% of RES-H or 6.62% of RES-T based on the 2020 

energy total final consumption projections in the ROI. Although these results represent 

the upper sustainable limit of bio-SNG feedstock potential, they represent the first step 

towards informing gas transmission system operators and policymakers of the 

decarbonisation potential of bio-SNG. The next stages of this work will optimise the bio-

SNG supply chain and conduct a full system life cycle assessment. 

3.2 Introduction 

A number of studies estimated the distribution at local level of biomass and energy 

production, mostly through combustion-based technologies for heat and power production 

in several regions. Theoretical potential of agro-forestry residues have been performed 

for: Denmark by Nord-Larsen and Talbor [127], Finland by Ranta [128], the region of 

Marvao (Portugal) by Fernandes and Costa [129], the region of General Pueyrredón 

(Argentina) by Roberts et al. [130], the region of Maputo (Mozambique) by Vasco and 

Costa [131], Lakhimpur district of Assam (India) by Hiloidhari et al. [132], and the town 

of Yusuhara (Japan) by Kinoshita et al. [133].  

Technical, sustainability or availability restrictions affect the biomass quantification. For 

instance, on a national level, for the case of Switzerland, Steubing et al. [134] calculated a 

technical mass potential of 18.5 million tonnes per annum, of which only 14% was 
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defined as sustainable and available for energy production. In this case, sustainable 

resource was defined as the biomass resource that can be used in concordance with 

economic viability, environmental impacts as well as societal and political acceptance. A 

number of studies incorporated restrictions to biomass harvesting in spatially-explicit 

resource assessments. Voivontas et al. [123] assessed the theoretical, available, 

technological and economically exploitable potential of agricultural residues for the 

island of Crete. Nord-Larsen and Talbot [127] estimated that only 57–82% of the 

potential resource is economically exploitable depending on the demand. Lopez-

Rodriguez et al. [135] incorporated slope, land suitability and road accessibility to 

evaluate the technical potential of forestry residues in Cáceres (Spain). Gomez et al. [136] 

estimated that from a theoretical potential of 886 PJ a
-1

 from agricultural and forestry 

residues in Spain, only 33% is technically available. Similarly, Sánchez-García et al. 

[137], in the case of Asturias (Spain), calculated the technical potential of forestry 

residues, from which they subtracted the amount needed to satisfy residential and 

industrial demand. Lourinho and Brito [138], in the case of the region of Alto Alentejo 

(Portugal), accounted for the technical limits of agricultural and forestry residues from 

areas of steep slopes or scarce accessibility, and for their availability, considering other 

uses.  

Identification, quantification and geographical distribution of the biomass is a necessary 

initial step for the design of any bioenergy system. In fact, it is indispensable for 

optimisation of the infrastructure, including the siting and sizing of the energy conversion 

facilities, and the evaluation of its environmental and economic impacts.  

This chapter intends: 

 To review the European and national policies affecting waste and residues 

availability in the ROI. 

 To quantify the sustainable available mass potential of waste and residues at 

national level.  

 To geographically locate the resource energy potential at local level. 

 To evaluate the opportunities and barriers of the energy potential of the producible 

bio-SNG at national level. 
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3.3 Methodology 

To date none of the articles in the literature assess the quantity and the distribution 

incorporating all the feedstocks available in a region for bio-SNG production. These 

feedstocks not only include agricultural and forestry residues, but also tertiary waste. In 

the case of bio-SNG production feedstocks, two main novel methodological steps need to 

be introduced in the resource assessment. The consideration of national and international 

policies affecting waste and residues, which are generally already disposed of according 

to national directives, and the clear consideration of the impact of moisture content of the 

biomass on the resulting energy potential. If the former determines the accessibility to 

waste and residues, the latter takes into account the technological limit of gasification, 

whose energy production is penalized by the moisture content of its biomass feedstock. 

The only spatially-explicit biomass energy resource assessment for the ROI is for 

feedstocks suitable for AD [18]. On a national scale, the report Bioenergy Supply Curves 

2010-2030 [139] assesses the sustainable biomass potential by feedstock for the ROI, but 

does not distinguish between the potential that is already used, for example, in CHP 

plants or pellet boilers, from the potential available for emerging technologies. 

3.3.1 Selection of biomass resources  

Generally, biomass gasification employs low-moisture waste to avoid the energy penalty 

in drying. Woody biomass and herbaceous plants with low moisture content (MC) are the 

primary choices because of their controllable MC, but waste from other streams can also 

be used [113]. In this study, it has been decided to consider only existing waste and 

residues to analyse bio-SNG production as a route for the valorisation of low-value 

resources more than maximising energy production including resources with higher 

economic value. In a manner similar to [140], the resources investigated are categorised 

as: agricultural residues, forestry residues, tertiary waste. Considering these three main 

sections, relevant policies and the most up to date reports of the ROI have been reviewed. 

3.3.2 Definition and quantification of mass potential 

The availability of biomass often depends on a range of physical, technical, economic, 

environmental and other factors. A first level of availability is the theoretical potential, 

the overall maximum amount of biomass which can be considered available for bioenergy 

production. The second level is the technical potential, which is the fraction of the 

theoretical potential, which is harvestable considering current processing techniques, 
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infrastructure and accessibility. A third level is the sustainable potential, which accounts 

for economic, environmental, and social constraints. This availability identification 

process is also aligned with the strategy of cascading utilisation of biomass, preferring 

material over energetic utilisation, by Habler and Geissler [141]. Therefore, an input-

output analysis of the interested sectors is performed to distinguish between the part of 

the resource which is already used and the remaining part, which is the available potential 

for bio-SNG production. 

After the available mass potential is assessed, the available energy potential of the 

feedstock is calculated and the potential of bio-SNG production is calculated (see Section 

2.3) by the introduction of an efficiency that consider the theoretical conversion of 

biomass into bio-SNG. 

3.3.3 Quantification of energy potential 

An input-output analysis of each resource is carried out though literature review of the 

main national reports, from the generation to the end-use or disposal of the resource. 

From this, the available mass potential for bio-SNG production is found. 

The reviewed reports are found to express quantities in different basis, either on the mass 

as-received basis (ARB), whose weight considered the weight of the dry matter plus the 

weight of the moisture content (MC), or dry basis (DB), which consider only the dry 

weight of the resource. Properties of the resource can also be expressed in dry and ash 

free basis (DAF). In order to harmonise to the same basis Eq. (3.1) is provided. 

 
            

  

   
  (3.1) 

Where mARB and mDB are the mass as-received basis (ARB) and in dry basis (DB) in units 

of tonnes per annum, respectively, and MC is the percentage moisture content. 

Characterisation of feedstock is a prime factor in gasifier selection, so proximate analysis 

data are collected for each feedstock. The lower heating value (LHV) of a fuel refers to 

the amount of energy that is released by complete combustion of a fuel unit when the 

water formed from the hydrogen in the fuel remains as vapour after combustion. The 

LHV in DAF for each feedstock is presented in Table A.1. 
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The LHV in DB is calculated using Eq. (3.2), and the LHV in ARB is the difference of 

the energy of combustion of the unitary dry fuel and the energy required for water 

evaporation at 25°C, 2.443 GJ t
-1 

of water [35], as determined from Eq. (3.3). 

 
                 

   

   
  (3.2) 

 
                 

  

   
        

  

   
 (3.3) 

Energy loss by vaporisation occurs in two stages of bio-SNG production: when the 

feedstock is dried to reach a MC suitable for gasification or inside the gasifier, in which 

the water is vaporised because of the high temperature. The water content of a feedstock 

is critical and determines its energy density. For instance, considering one mass unit of 

dry forestry residues, with a LHVDAF equal to 18 GJ t
-1 

and ASH of 2.7% (Table A.1), 

then applying Eq. (3.2), LHVDB of 17.51 GJ t
-
1. The same feedstock with a hypothetical 

MC of 10%, applying Eq. (3.3), has a LHVARB 15.52 GJ t
-1

 when estimated using Eq. 

(3.3), whereas with a MC of 50% it has a LHVARB of 7.53 GJ t
-1

. Therefore, it is evident 

how the MC penalises the energy content of the unitary mass of the same feedstock. 

Figure 3.1 shows both the effects of MC and ASH on LHVARB. 
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Figure 3.1. Resulting 3D plot showing the value of LHVARB of forestry residues with the variation of MC 

and ASH, using Eq. (3.2)-(3.3). 

Calculated the LHVARB, the energy potential of each resource (EF) can be calculated by 

multiplying the LHVARB by the mass of the wet feedstock, mARB, as in Eq. (3.4). 

                (3.4) 

Combining Eq. (3.2), (3.3) and (3.4), the energy potential is calculated using Eq. (3.5).  

 
            

  

   
     

   

   
               

  

   
  (3.5) 

Where ASH and MC are the percentages of ashes and moisture content in the resource and 

LHVDAF is the lower heating value of the matter dry and ash-free in units of gigajoules per 

tonne per annum. The values of all these parameters are collected in Table A.1.  

Bio-SNG is produced through thermochemical conversion, implying gasification and 

catalytic methanation of biomass feedstock, with a chemical efficiency on LHV basis of 
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ca. 65% (η) [111]. Therefore, this value is applied to the energy potential of each 

resource, Efeed, to have the energy potential of bio-SNG produced (ESNG). 

           (3.6) 

3.3.4 Geographical allocation of the energy potential 

The potential quantification is carried out for each of the low-level territorial divisions of 

the ROI, the 3,409 Electoral Divisions (EDs), which are the minimum geographical unit 

for widely available statistics [142]. The results are shown in maps, produced using 

ArcGIS 10.3 [143], showing each feedstock potential for each ED in the ROI. Data within 

each ED are considered uniformly distributed inside its area. The coordinate reference 

system utilised in the geographic information system (GIS) was the IRENET95/Irish 

Transverse Mercator (EPSG 2157).  

3.4 Overview of the current policy framework 

Residues and wastes are by-products with low economic value of human activities. Since 

they are not the primary products of their sectors, their quantities depend on the demand 

of the main products. Main products, such as food for the agricultural sector and wood for 

the forestry sectors, and tertiary wastes management are framed into international and 

national policies which drive economic, societal and environmental changes. As a 

member state of the EU, the ROI is bound by to EU directives and policies, discussed and 

shared with other member states, and then these policies are applied by the member 

states. Table 3.1 assembles the main European and Irish policies regarding agricultural 

and forestry residues, and tertiary waste. Each of the policies listed is described and 

discussed in the following sub-sections. 

Regarding the energy sector, Sustainable Energy Authority of Ireland (SEAI) required an 

accelerated effort to meet the 2020 targets for the ROI, and stressed the importance of 

encouraging the installation of renewable heat options and securing the supply of biofuels 

for increasing demand of energy to 2035 [144]. In response to EU directives, the National 

Energy Efficiency Action Plan (NEEAP) [45] and the National Renewable Energy Action 

Plan (NREAP) [145] were submitted to the EU Commission in 2010 and represent the 

ROI’s strategy to meet energy efficiency and renewable energy obligations at national 

level. In 2015, a White Paper [146] addressed the policies of the ROI towards 

sustainability, security of supply and competitiveness, whilst ensuring a low carbon future 
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in the energy sector. In 2016, the Fossil Fuel Divestment Act [147] instructed the 

National Treasury Management Agency to divest the assets of the Fund from its current 

direct or indirect investments in fossil fuel companies within five years of the 

commencement of this act. In 2017, the Support Scheme for Renewable Heat [12] set the 

scope to contribute to meeting Ireland’s 2020 renewable energy targets, whilst also 

reducing greenhouse gas emissions by increasing the energy generated from renewable 

sources and offering the necessary incentive for capital investment. It is also envisaged 

that it stimulates demand for biomass, thus providing an opportunity for growth in the 

competitively priced domestic production of bioenergy. 

In the following paragraphs, a review of policies related to possible biomass feedstock, 

briefly shown in Table 3.1, is presented in detail. 
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Table 3.1: Main policies related to the food and forestry industries and tertiary waste management. 

Category European National 

Agricultural 

residues 

 

Common Agricultural Policy [148] 

 

 

Ireland Rural Development 

Programme [149] 

 

Origin Green Sustainability Report 

2016 [150] 

 

Sustainable Healthy Agri-Food 

Research Plan [151] 

 

Food Wise 2025 [152] 

 

Forestry 

residues 

 

A new EU Forest Strategy: for forests and the 

forest-based sector [153] 

 

Growing for the Future [154] 

 

Forests, products and people – 

Ireland’s forest policy – a renewed 

vision [155] 

 

Tertiary waste 

 

EU Landfill Directive (1999/31/EC) [156] 

 

Waste Framework Directive (2008/98/EC) 

[157] 

 

The Sewage Sludge Directive (86/278/EEC) 

[158] 

 

The Incineration Directive (2000/76/EC) [159] 

 

 

 

 

 

 

Environmental Protection Agency Act 

1992 [160] 

 

Waste Management Act 1996 [161] 

 

Waste Management (Amendment) Act 

2001 [162] 

 

Protection of the Environment Act 

2003 [163] 

 

A Resource Opportunity - Waste 

Management Policy in Ireland [164] 

 

 

3.4.1 Agriculture sector 

The Common Agricultural Policy (CAP) [148] is the main driver for agricultural policies 

across the European Union Member States. The preservation of the countryside is assisted 

through the CAP’s Rural Development Programmes. These European policies are applied 

in the ROI through (i) the Department of Agriculture, Food and Marine’s ‘Food Wise 

2025’ strategy [152] and Bord Bia’s ‘Origin Green’ [150], which enables farmers and 

producers to set targets aimed at protecting the environment, and (ii) the ‘Sustainable 

Healthy Agri-food Research Plan’ [151] aimed at development of agriculture through 

research and new technology. The ‘Food Harvest 2020: Environmental Analysis’ report 

[165] assessed the potential environmental impacts of increased food production, and 

estimated a noticeable decline in the area under barley and oats and a slight increase in 
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the area under wheat, with no significant change in the overall area under cereal crops. 

The total number of cattle is expected to be approximately constant until 2020 at 6.5 

million heads [166].  

3.4.2 Forestry sector 

Forests covered 0.7 million ha of the ROI in 2012, or 10.5% of the country’s land area, of 

which 54.1% is owned by Coillte, the state forestry agency [167], producing almost 3 

million m
3
 per annum of wood products. EU Directive 2001/42/EC [168] encouraged the 

preparation and adoption of plans to promote sustainable development that promote a 

high level of protection of the environment. In 1996, the ‘Growing for the Future’ report 

[154] proposed a sustainable afforestation program for the ROI. In 2014, the ROI 

Department of Agriculture, Food and the Marine renewed the afforestation plan in the 

‘Forests, products and people’ report [155], whose target is to provide a sustainable 

roundwood supply of 7 to 8 million m
3
 per annum and have 18% of the land covered with 

forest by 2050, with an expansion rate of 15,000 ha per year.  

3.4.3 Tertiary waste sector 

The overall MSW generated in the ROI will grow from 2.7 Mt in 2012 to 3.0-3.2 Mt by 

2020, and to 3.9 Mt by 2030 [169]. MSW is still mainly landfilled in the ROI [170]; 

energy recovery from MSW is limited to a few incinerators. The ROI's first MSW 

incinerator commenced operations in 2011, while some cement kilns are also authorised 

to accept waste to use as a fuel in the substitution of fossil fuels. An incinerator in 

Carranstown, Co. Meath, currently treats up to 200 kt a
-1

, while the cement kilns’ capacity 

is limited to another 200 kt a
-1

 per year [169]. The EPA also granted waste licences for 

commercial incinerators to Indaver Ireland in Ringaskiddy, Co. Cork, whose construction 

is not commenced yet, with a planned approximate capacity of 200,000 t of waste per 

year, and Dublin City Council (Poolbeg), which recently started operation in the first half 

of 2017 with a full capacity of 600,000 t of waste per year [171]. However, no official 

operational data are currently available regarding the latter two sites. 

Landfilling will be phased out in favour of other treatment methods considering the 

increasing limitations imposed by (i) the EU Landfill Directive (1999/31/EC) [156], 

which requires the EU Member States to divert biodegradable waste from landfill, and (ii) 

the Waste Framework Directive (2008/98/EC) [157], which requires Member States to 

take measures to encourage separate collection of biowaste (the putrescible portion of 
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biodegradable wastes). The Incineration of Waste Directive (Directive 2000/76/EC) [159] 

aims to prevent or limit the negative effects of the incineration of waste, imposing 

operational and technical requirements, and setting emissions limits for waste incineration 

and co-incineration plants within the EU. 

The Sewage Sludge Directive (Directive 86/278/EEC) [158] promotes controls on the use 

of sewage sludge in agriculture, thus pre-treatments before agricultural applications are 

encouraged in order to eliminate harmful bacteria and contaminants. The EU Directives 

find their application in the ROI in the Environmental Protection Agency (EPA) Act 1992 

[160], the Waste Management Act 1996 [161], the Waste Management (Amendment) Act 

2001 [162] and the Protection of the Environment Act 2003 [163]. The current waste 

management policy is set out in ‘A Resource Opportunity – Waste Management Policy in 

Ireland’ [164], prioritising the elimination of landfilling, the reduction of the amount of 

generated waste, maximisation of recycling and finally production of renewable energy. 

3.5 Assessment of biomass available mass potential 

An input-output analysis is performed for agricultural residues, forestry residues and 

tertiary waste to identify the flows of the products underlining the sustainable available 

resource for bio-SNG production. Table 3.2 summarises the results of the assessment, 

displaying the available potential for bio-SNG production for each resource on an ARB. 

Detailed descriptions of the methods used to obtain these figures are given the following 

sub-sections. 

Table 3.2. Summary of the assessment of the available potential for each resource on an ARB performed in 

the following sub-sections. 

Category Resource Available potential, mARB  

[kt a
-1

] 

Agricultural residues (AR) Straw  5 

Forestry residues (FR) Brash 594 

Tertiary waste  Dry mixed MSW (MSW) 934 

Digestate (Dig) 42.4 

Sewage sludge (SS) 74 
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3.5.1 Agricultural residues 

Among the agricultural residues in the ROI, straw from cereal crops (wheat, oats and 

barley) has been identified as the most abundant category of agricultural residues 

[172,173]. For these crops, the production of straw has been estimated by multiplying the 

most recent data on crop coverage (A) from [166] by the yield of straw per hectare of crop 

for each type of cereals on DB (SYDB) from [173], resulting in a total theoretical potential 

of 868 kt a
-1

 on DB, as shown in Table 3.3.  

Table 3.3. Coverage of cereals, yield of dry straw generation per hectare, and relative theoretical potential 

by cereal crop type. 

Cereal Crop A [kha]  

ref. [166] 

SYDB [t ha
-1

a
-1

]  

ref. [173] 

mAR,DB 

[kt a
-1

] 

Winter Wheat 58.86 3.6 212 

Spring Wheat 17.87 2.5 45 

Winter Oats 10.27 4 41 

Spring Oats 9.36 3.3 31 

Winter Barley 28.61 3.6 103 

Spring Barley 145.17 3 436 

Total 270.14  868 

 

The theoretical potential of 868 kt a
-1

 on DB, when considered the MC of each crop 

(Table A.1), is equivalent to 1,040 kt a
-1

 on ARB. The 2% [174] of the theoretical 

potential of 1,040 kt a
-1

, corresponding to 20 kt a
-1

, is loss or left on the soil to maintain 

sustainable soil conditions, leaving a sustainable potential amount of straw of 1,020 kt a
-1

 

for human activities. Considering the demand side, the vast majority of this resource is 

used for animal bedding, feed or mushroom compost. It was estimated that for 7 million 

head of cattle, the straw requirement was 1,000 kt [172][139]. From the last agriculture 

census in the ROI, there was 6.6 million head of cattle [165], so the amount of straw 

required for bedding previously estimated is adjusted pro rata, resulting in 943 kt a
-1

. 

Mushroom compost equates to 184 kt a
-1

, of which 39% by weight is straw [174] (i.e. 72 

kt a
-1

); therefore this amount is considered to be directed to mushroom composting. 

Finally, excluding the straw left on the soil and the amount already used, the available 
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potential amount equals 5 kt a
-1

 on ARB. Figure 3.2 shows the flow of agricultural 

residues for straw in the cereal agriculture sector. 

 

Figure 3.2. Input-output analysis results of straw in the cereal agriculture sector (data sourced from: : 

[139,165,166,172–174] ). Units in kilo-tonnes annual on ARB. 

3.5.2 Forestry residues  

Quantities of wood products are commonly reported in volume units. Figure 3.3 shows 

the material flow for the timber industry in the ROI. The theoretical wood potential in the 

ROI is 3,980 thousand m
3
 a

-1
, of which 3,580 thousand m

3
 a

-1
 represents the sustainable 

potential, which is the volume that is available to the end user, while the rest 400 

thousand m
3
 a

-1
 is left because of losses, inaccessibility and environmental constraints, 

such as maintaining a balanced soil nutrient in-take [175]. Of the sustainable potential, 

considering recent data [176], 3,110 thousand m
3
 a

-1 
of wood is harvested, and 2,950 

thousand m
3
 a

-1 
is processed in sawmills, together with 70 thousand m

3
 a

-1 
of imported 

wood and 300 thousand m
3
 a

-1
 of recycled wood fibre. In sawmills the wood is converted 

into round stake (130 thousand m
3
 a

-1
), sawn timber (900 thousand m

3
 a

-1
)
 
, or used for 

energy production on-site or for other uses (2,220 thousand m
3
 a

-1
)
 
[176]. Finally, 

excluding from the sustainable potential the wood already used in sawmills, 700 thousand 

m
3
 a

-1
 is found to be unused and available for bio-SNG production; this includes the 

harvested wood that is not used in sawmills and the wood that is sustainable but not 

currently harvested. The bulk density of wood fact is 0.38 t m
-3

 on a DB
 
[177]. The total 

amount is 266 kt a
-1

 on DB, equivalent to 594 kt a
-1 

on ARB, considering 55.4 % of MC 

(Table A.1).  
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Figure 3.3.Input-output flowchart of the forestry sector (data sourced from: [175] [176]). Material flows are 

expressed in thousand m
3 

annual in timber industry, so it has been maintained in the analysis. The available 

potential, 700 thousands m
3
 a

-1
, corresponds to 594 kt a

-1
 on ARB. 

The origin of the available mass potential (594 kt a
-1 

on ARB) is sourced from [175]. It is 

assumed that this resource is composed of brash, which is defined as small diameter 

branches that are no of no use to timber industry due to their size, with the intention to 

allocate the higher economic value material to the timber industry. Following the size 

categories used in [175], it is assumed that all the brash with a diameter smaller than 13 

cm from the privately-operated forests are available (328 kt a
-1 

on ARB), while for the 

state-operated forests, all the branches smaller than 7 cm (130 kt a
-1 

on ARB) and the 29 

% of the sustainable potential of the branches with diameter between 7 and 13 cm (136 kt 

a
-1 

on ARB) are available. The sum of the aforementioned types of residues is then 

equivalent to 594 kt a
-1 

on ARB. The residues from state-operated forestry with diameter 

between 7 and 13 cm are then assumed to be available only partially because they present 

an higher probability of getting collected and used in existing processes [175]. A detailed 

representation of the available mass potential origin on ARB is shown in Table 3.4. 
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Table 3.4. Assumed available mass potential of forestry residues by forest owner and wood diameter 

(sourced from [175]). Brash with the diameter between 7 and 13 cm of the state-operated forests represent 

the 29% of the total amount of state-operated forests brash of that size. 

 m<7,ARB  

[kt a
-1

] 

m7-13,ARB  

[kt a
-1

] 

mFR,ARB  

[kt a
-1

] 

Private forestry 14 314 328 

State forestry 130 136 266 

Total 144 450 594 

  

3.5.3 Dry mixed MSW 

Adjusting pro rata the latest National Waste Report [170] according to the latest available 

population census [178] 2.7 Mt of MSW is generated in the ROI, of which 2.49 Mt is 

managed while 0.21 Mt are not managed, generated by households that are not serviced 

with a kerbside collection. Of the managed MSW, 160 kt, corresponding to the organic 

waste, is composted or digested, 830 kt, corresponding to glass, plastic, paper, metal and 

wood, is recycled, 430 kt and 1.03 Mt, corresponding to dry mixed MSW, are 

respectively incinerated and landfilled. Dry mixed waste contains plastic, wood, organic 

matter, paper and wood textiles, all of which can be processed by gasification, as well as 

non-combustible material such as glass and metal. Table 3.5 shows the composition of 

dry mixed MSW from household and commercial non-household waste, as indicated by 

the latest National Waste Report [170]. 
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Table 3.5. Composition of household and non-household of dry mixed MSW (sourced from [170]). 

Waste Material Household 

[%] 

Non-household 

[%] 

Organic waste 

Mixed paper, cardboard and composites 

Mixed Plastic 

Fines 

Disposable diapers 

Textiles 

Garden waste 

Wood waste 

Glass* 

Metals* 

Hazardous waste* 

WEEE* 

Unclassified combustibles
+
 

Unclassified incombustibles* 

24.0 

17.1 

13.6 

11.7 

8.4 

7.3 

6.5 

1.2 

3.3 

3.1 

0.9 

0.3 

1.4 

1.2 

42.2 

32.9 

10.8 

1.0 

0.0 

4.9 

0.2 

0.4 

1.7 

2.1 

3.0 

0.2 

0.4 

0.2 

*no energy content 

+
undetermined energy content 

  

 

Gasification of mixed dry MSW has been considered as an alternative to incineration and 

landfilling in the ROI [29]. Gasification requires MSW to be pre-treated to remove any 

metal or glass. Well-established technologies to produce refuse derived fuels (RDF), 

which also reduce the MC, and enhance recycling and utilisation rates of material, can be 

employed for this purpose [179]. Considering the composition of dry mixed MSW shown 

in Table 3.5 and the amount of dry mixed MSW landfilled (0.59 Mt from household 

origin an 0.44 Mt from non-household origin [170]), the available potential of the 

combustible fraction (organic waste, mixed paper cardboard and composite, mixed 

plastic, fine, disposable diapers, textiles, garden waste, wood waste) results 934 kt a
-1

 on 
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ARB (0.53 Mt from household origin and 0.404 from non-household origin). Figure 3.4 

presents the input-output flowchart for municipal solid waste generated in the ROI.  

 

Figure 3.4. Input-output flowchart of the Irish waste management in kilo-tonne per annum on ARB (data 

sourced from: [170]). 

3.5.4 Digestate 

The process of AD involves the degradation of organic matter by bacteria and enzymes in 

an oxygen-free environment. The products of AD are biogas and digestate, which is a 

combination of non-degraded dry solid matter and water. The current destination of 

digestate is not explicitly declared, so it has been assumed that all the digestate can be 

diverted to bio-SNG production. Assuming that the existing AD facilities operate at their 

maximum capacity, they are able to process 65 kt a
-1

 on ARB [180]. The amount of 

digestate produced as-received per annum (mdig,ARB) is calculated using Eq. (7). 

 
                   

  

   
     

  

   
 
   

   
  (3.7) 

Where min is the input mass 65 kt a
-1

, entering the digester in units of tonnes per annum 

on ARB, assumed to be organic waste [181]. MC and VM is the water content and the 

volatile matter percentage given in Table A.1. OMR is the organic matter reduction 

factor, which is fixed at 80% [19], and takes into account the degradation of the VM of 

the input mass. Applying Eq. (3.7), the received 65 kt a
-1

 of wet organic MSW is 

deconstructed into water (37.3 kt a
-1

), volatile matter that is degraded during the digestion 

(11.6 kt a
-1

), dry solid matter (digestate) (16.1 kt a
-1

), as shown in Figure 3.5. Once 

extracted, the digestate is not dry (0% MC), but contains part of the water present in the 
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digester, so an average MC of 62% (Table A.1) has been assumed, so the amount of 

digestate on an ARB is 42.4 kt a
-1

. 

 

Figure 3.5. AD in the ROI mass flow in unit of kilo-tonne annual (data sourced from: [180]). 

3.5.5 Sewage sludge 

Gasification is currently under investigation as a treatment for dry sewage sludge [31]. 

The sewage sludge produced by EPA licenced facilities in the ROI is 58.39 kt  a
-1

 on DB 

[182], which is equivalent to 73.56 kt a
-1

 on ARB to the possible conversion facility, with 

a MC of 20%, as found in Table A.1. On DB, 46.7 kt a
-1

 (80%) is currently landspread, 

10.9 kt a
-1

 (18.7%) is used a compost, 0.09 kt a
-1

 (0.2%) is landfilled and 0.65 kt a
-1

 (1.1%) 

is used outside the ROI for cement production or incineration [182], as depicted in Figure 

3.6. However, restrictions set by agricultural quality assurance schemes are encouraging 

the search for alternatives. Thus, it is assumed that all sewage sludge could be diverted to 

bio-SNG production. 
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Figure 3.6. Sewage sludge input-output analysis in kilo-tonne annual on DB (data sourced from: [182]). All 

the sewage sludge is assumed to be available for bio-SNG production. 

3.6 Energy potential and its geographical allocation 

In this section the energy potentials of the investigated resources are calculated at local 

level in each ED in the ROI using Eq. (3.5), where the values for mARB are in Table 3.2 

and the values for ASH, MC, LHVDAF are collected in Table A.1. The spatial distribution 

of the energy potential at local level for each resource is shown in thematic maps in 

Figure 3.7 and Figure 3.8. The gas grid and 42 above ground injection sites [183], in 

which it is possible to inject the bio-SNG produced, are also shown in the maps. The 

following sections describe the significance of the geospatial distributions of the 

investigated resources. 

3.6.1 Agricultural residues 

The available mass of agricultural residues was calculated to be 5 kt a
-1

 on ARB, with an 

input energy from agriculture residues (EAR,F) of 0.073 PJ a
-1

, which when converted to 

bio-SNG (EAR,SNG), assuming a conversion efficiency of 65% [111], equates to 0.047 PJ a
-

1
. The spatial distribution of the potential is assessed using the total amount of cereals 

coverage available at ED level from the recent agricultural census [184]. The distinction 

between each type of cereal crop coverage is available only on a county level [166]; 

therefore, it is assumed that the proportions of each cereal type on the county level are 

preserved in the EDs in each county. No local yield or physical characteristics of straw 

generation are currently available at local level, so the national average yields (Table 3.3) 
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and averaged physical characteristics (Table A.1) are maintained in each ED. The spatial 

distribution of energy potential of agricultural residues is shown in Figure 3.7 Map A. 

1,826 ED do not have any energy potential from cereal straw, since they have no 

production of cereals. The potential is concentrated in the rural areas of the south 

midlands and east of the country, where the most fertile lands are concentrated. The 

distribution of this resource follows the ring shape of the gas network developed in the 

central and southern part of the country. 

3.6.2 Forestry residues 

Although 54% of the forests are owned by the state, they supply 45% of the forestry 

residues annually, because most of the wood is allocated to the timber industry. 

Considering the available forestry residues, mFR,ARB, of Table 3.4, and applying Eq.(3.5) 

with the values of LHVDAF, MC and ASH of Table A.1, the total amount of energy of 

forestry residues is calculated to be 3.84 PJ a
-1 

(EFR,F), corresponding to 2.50 PJ a
-1 

(EFR,SNG) of producible bio-SNG, shown in Table 3.6 for private and state forestry.  

Table 3.6. Annual energy potential of forestry residues for private and state forestry. 

 mFR,ARB  

[kt a
-1

] 

EFR,F 

[PJ a
-1

] 

EFR,SNG 

[PJ a
-1

] 

Private forestry 328 2.12 1.38 

State forestry 266 1.72 1.12 

Total 594 3.84 2.50 

 

While the information for forested area is available for each ED, quantities of forestry 

available are only available on a county level. The latter data is therefore allocated to each 

ED proportional to the ED’s forest coverage. The forest areas are given in the datasets 

provided by Coillte for state-operated forests [185] and the Department of Agriculture, 

Food and the Marine for private forests [186]. The geospatial distribution of the resource 

energy potential from forestry residues is shown in Figure 3.7, Map B and C. Map B 

shows that the energy potential of private forestry is larger in quantity than that of state 

forestry residues, Map C. Private forestry residues potential is more evenly distributed 

with higher values in western areas of the ROI. Only 427 EDs have no private forestry 

residues, mainly urban areas, compared to the 1,312 EDs that have no state forestry 
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residues. The homogenous distribution of the above ground gas injection sites along the 

gas grid covers the widespread distribution of forestry residues.  

3.6.3 Dry mixed MSW 

Energy potential from dry mixed MSW is shown in two ways in Figure 3.7, Map D. The 

colour map shows the annual dry mixed MSW energy potential within each ED, while the 

discs mark the locations of where this dry MSW is currently landfilled, showing their 

energy potential. The landfill sites are shown as they could potentially serve as bio-SNG 

production sites due to their existing waste collection infrastructure. 

The energy of dry mixed MSW diverted from landfilling (EMSW,F) is calculated to be 

11.02 PJ a
-1

, and the derivable energy of bio-SNG producible (EMSW,SNG) equates to 7.16 

PJ a
-1

. 

The generation of dry mixed MSW is assumed constant per capita. The population in 

each ED is sourced from the latest available population census [178]. This assumption 

concentrates the energy potential in the most populated, but also smaller urban areas 

emerge in Map D in Figure 3.7 counting a maximum value 86,592 GJ a
-1

, in the most 

populated ED in county Dublin, and a minimum 2.4 GJ a
-1

, in a rural ED in county 

Carlow. This map also shows EPA licensed landfill facilities, operating at the year of the 

last report, and their energy potential of dry mixed MSW gathered in each facility. The 

largest landfill site, which is in the proximity of Dublin, has a potential of 3.11 PJ a
-1

, 

representing 28% of the energy potential of dry mixed MSW. Highly populated areas, 

such as Dublin and Cork, where most of the dry mixed MSW is generated, are also nodes 

for the gas network presenting a higher concentration of above ground injection sites. 

3.6.4 Digestate 

Considering the amount of digestate available 42.4 kt a
-1

, mdig,ARB, and applying Eq.(3.5) 

with the LHVDAF, MC and ASH values for digestate in Table A.1, the energy potential 

of digestate (Edig,F) equates to 0.029 PJ a
-1

, which when converted into bio-SNG (Edig,SNG) 

is 0.019 PJ a
-1

. Of the five AD plants present in the ROI, four plants have the same size of 

10 kt a
-1

 on ARB producing 6.5 kt a
-1

 on ARB of digestate, from which the energy 

potential of the bio-SNG produced from the digestate is 0.003 PJ a-1. One plant has a 

capacity of 25 kt a
-1

 producing 16 kt a
-1

 on ARB of digestate, which leads to 0.007 PJ a
-1

 

of energy potential of bio-SNG (Table 3.7). The 62% MC of weight on ARB and 64% 

ash contents of weight on DB (Table A.1) reduce the energy produced from digestate. 
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Map A in Figure 3.8 shows the location of the five AD facilities and the energy potential 

of the digestate produced: four of them 4,500 GJ a
-1

 and the largest of them 11,000 GJ a
-1

. 

These facilities are spread in the southern part of the country with all of them having the 

same potential, except for one in county Waterford in the South-east of the ROI. This last 

AD plant is approximately coincident to an injection site. 

Table 3.7. Shows the energy potential of the five sites of AD process by their size.  

Capacity 

 [kt a
-1

] 

Number of plants mdig,ARB  

[kt a
-1

] 

Edig,F 

[PJ a
-1

] 

Edig,SNG  

[PJ a
-1

] 

10 4 6.5 p.p. 0.0045 p.p. 0.003 p.p. 

25 1 16.4 p.p. 0.011 p.p. 0.007 p.p. 

Total 5 42.4 0.029 0.019 

p.p.: per plant     

 

3.6.5 Sewage sludge 

With a LHVDAF of 21.3 GJ t
-1

 (Table A.1) and an annual quantity of sewage sludge of 

58.4 kt a
-1

 in DB, the energy input from sewage sludge (ESS,F) is 0.69 PJ a
-1 

which 

converted to bio-SNG (ESS,SNG) is 0.45 PJ a
-1

. The 20.6% MC of weight on ARB and 

41.6% ash content of weight on DB (Table A.1) leads to a low amount of energy from 

sewage sludge.  

The locations of the 1,046 operating urban waste water treatment (UWWT) plants are 

recorded by the EPA [187]. To each plant surveyed is associated a population equivalent 

(p.e.) factor, which expresses the ratio of the sum of the pollution load produced during 

24 hours by industrial facilities and services to the individual pollution load in household 

sewage sludge produced by one person in the same time. In order to calculate the mass of 

sewage sludge from each UWWT plant, the sewage sludge produced by county [182] is 

assigned proportionately to the p.e. of each plant in that county. 

Map B in Figure 3.8 shows the location and energy potential of sewage sludge produced 

by each UWWT plant. 961 plants have potential less than 1,000 GJ a
-1

, 76 plants between 

1,000 and 10,000 GJ a
-1

, eight between 10,000 and 100,000 GJ a
-1

, and one plant greater 

than 100,000 GJ a
-1

. The largest contributor is the Ringsend plant in Dublin with an 

energy potential equal to 200,873 GJ a
-1

. The next eight largest are located in/near the 

major population counties: Dublin (3), Cork (2), Limerick (1), Galway (1) and Kilkenny 
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(1). These 9 plants, with a total potential of 0.35 PJ a
-1

, represent 51% of the total energy 

potential from sewage sludge. Similar to the dry mixed MSW case, these 9 plants are in 

proximity of areas in which the gas network is well distributed or nodes, representing an 

opportunity for bio-SNG production and injection. 
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Figure 3.7. Maps of feedstock energy potential (EF) derived from (A) agricultural residues, (B) private 

forestry residues, (C) state forestry residues, (D) dry mixed MSW. Gas grid is shown as a blue line and 42 

potential above ground injection sites as reversed blue triangles. 
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Figure 3.8. Map of the sites and the feedstock energy potential (EF) derived from (A) digestate and (B) 

sewage sludge. Gas grid is shown as a blue line and 42 potential above ground injection sites as reversed 

blue triangles. 

3.7 Discussion: opportunities and barriers 

From the results obtained, two main resources emerged: dry mixed MSW (11.02 PJ a
-1

) 

and forestry residues (3.84 PJ a
-1

). Dry mixed MSW is a resource that is currently 

collected and gathered in landfill sites. Therefore, from the perspective of the creation of 

a bio-SNG production system, there would not be any additional operation of feedstock 

collection. Moreover, the production of bio-SNG through gasification would represent an 

alternative to landfilling, unlocking a potential of 7.16 PJ a
-1

. The complexity of this 

resource lies in the fact that it is composed of different materials. Therefore, some form of 

pre-treatment, similar to that for RDF production, is necessary to maintain a homogenous 

composition of feedstock and to extract glass and metals. This pre-treatment also allows 

recovery of material that cannot be gasified but can be recycled. This represents a 

potential source of revenue. Gate fees for landfilling are currently approximately € 75 t
-1 

[188], so there is an opportunity for bio-SNG producers to earn revenue from using 
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MSW. Incineration represents a competing technology, able to destabilise the supply of 

feedstock.  

Forestry residues represents a resource that is currently left on the ground after forestry 

practices, such as thinning or clear-felling. This is currently done because brash is too 

small and heterogeneous to be processed in the timber industry. Collection of these 

resources would unlock 2.50 PJ a
-1

 of bio-SNG. Moreover this lignocellulosic feedstock, 

once pre-treated, represents a very good feedstock for biomass gasification [111]. 

Among the minor resources are sewage sludge, whose potential are an order of magnitude 

less than forestry residues and dry mixed MSW, and agricultural residues and digestate, 

which are two orders of magnitude less. Agricultural residues, as forestry residues, are 

lignocellulosic resources already collected by the farmers, but the small amount available 

and competition with the stronger demand for animal bedding materials undermine the 

sustainability of its use for bio-SNG production. 

Sewage sludge represents 0.45 PJ a
-1

 of bio-SNG, scattered among 1,046 UWWT plants, 

with nine large UWWT plants which can produce 0.23 PJ a
-1

 of bio-SNG. The bio-SNG 

production from digestate from existing AD facilities represents the smallest contribution 

of 0.02 PJ a
-1

. While this energy resource is small, pursuing this option also addresses a 

growing waste management problem. 

In each resource investigated it has been possible to identify a synergy between resource 

geographical distribution and the presence of injection points on the gas grid, especially 

in the proximity of largest cities, where the gas grid is well distributed and present nodes. 

Rural areas in the centre and south of the ROI, where the agricultural residues are located, 

are also crossed by the gas network.  

The calculated energy contribution of each resource is collected in Table 3.8, as ESNG, and 

compared to the projected thermal and transport total final consumption (TFC), of 

respectively 172.7 PJ a
-1

 and 167.7 PJ a
-1

, to the use of NG in 2020 published in both the 

NEEAP and the NREAP [145], of 60.3 PJ a
-1

, and to the GNI target for 2024 of 21.5 PJ a
-

1
 of renewable gas [46]. These figures represent alternatives for quantitative comparison, 

displaying the percentage of demand met by each resource. They cannot be added over 

the different sectors.  
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Table 3.8. Impact of the resulting energy potential of the bio-SNG on current ROI energy sector.  
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Dry mixed MSW 7.16 4.15% 4.27% 11.87% 33.30% 

Private forestry residues 1.38 0.80% 0.82% 2.29% 6.42% 

State forestry residues 1.12 0.65% 0.67% 1.86% 5.21% 

Sewage Sludge 0.45 0.26% 0.75% 2.15% 2.09% 

Agricultural residues 0.05 0.03% 0.08% 0.22% 0.22% 

Digestate 0.02 0.01% 0.03% 0.10% 0.09% 

Total 10.18 5.90% 6.62% 18.49% 47.33% 

 

Table 3.8 shows that the 10.18 PJ a
-1 

of bio-SNG, once injected in the gas grid and used 

in domestic gas boilers or used in compressed NG vehicles, has the potential to contribute 

to 5.90% to the RES-H target of 12% of heating TFC or to 6.62% to the RES-T target of 

10% of transport TFC. Considering also that the feedstocks studied are eligible for double 

weighting of their energy content through the Biofuel Obligation Scheme [189], since 

they non-food related feedstocks, the total share on transport fuel TFC would be 13.24%, 

satisfying the 2020 target for transport. Bio-SNG production has the potential to cover the 

47.33% of the GNI target. These values, and the opportunity they represent, constitute the 

base for the development of the second stage for Support Scheme for Renewable Heat 

[12] in which also renewable gas production and injection will be promoted offering 

investment-aid to overcome the economic barriers.  

3.8 Conclusions 

This chapter presented a methodology to perform a resource assessment of wastes and 

residues available for bio-SNG production. It explored synergies with international and 

national policies for the feedstock investigated. Input-output analysis exposed the 

quantity of sustainable resources available for energy production. The energy potential 

was calculated, and its spatial distribution assessed for each ED. Results showed that dry 
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mixed MSW, which is currently landfilled, can be the largest contributor for bio-SNG 

production (7.16 PJ a
-1

), followed by forestry residues (2.50 PJ a
-1

). The results show the 

potential to produce 10.18 PJ a
-1 

of bio-SNG, approaching the 2020 European energy 

targets. Where in some cases energy production can be a pure valorisation of unused 

resources, such in the case of forestry residues, in other cases it is also a diversion from 

discouraged disposal techniques, such as MSW landfilling or sewage sludge 

landspreading. This presents additional financial and policy benefits to bio-SNG 

production. According to policies and projections, the resource reviewed will not face 

considerable diminutions in the near future. However, the mass supplies available for bio-

SNG production can be undermined by other commercial technologies, such as 

incinerators.  

The 10.18 PJ a
-1 

of bio-SNG potential can be compared to the 12.5 PJ a
-1

 of biomethane 

producible by the theoretical mass potential of wet feedstock through AD [18], giving a 

first comprehensive assessment of renewable gas production in the ROI.  

3.9 Final remarks 

In this chapter, a spatially explicit resource assessment was performed for the ROI, 

assessing the quantity and distribution of potential available resources for bio-SNG 

production: agricultural residues, forestry residues, MSW, sewage sludge, and digestate. 

Results were shown in thematic maps and large potentials for MSW and forestry residues 

were identified. Identifying a great energy potential for MSW and forestry residues. 

In Chapter 4, only the forestry residues are assumed to be feedstock for bio-SNG 

production, due to the technological maturity of woody biomass conversion into bio-

SNG. A thermodynamic model for the conversion process has been built and validated, 

its economies of scales have been assessed through a techno-economic assessment and 

integrated into a novel GIS model that, integrating transport costs with process costs, find 

the location(s) and the size(s) of the bio-SNG plant that minimise the unitary cost of the 

bio-SNG produced from available forestry residues.
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Chapter 4. GIS-based techno-economic optimisation 

of a regional supply chain for large-scale deployment 

of bio-SNG in a natural gas network 

4.1 Overview 

This chapter presents a novel method for the optimal integration of large-scale bio-SNG 

production system into the existing natural gas network. A thermodynamic model 

representative of a commercial bio-SNG process fed by forestry residues has been built 

and validated with experimental data. The variation of the capital and operational 

expenditures as functions of the power output is calculated, identifying the economies of 

scale of the process. A spatially-explicit model, based on a modified location-allocation 

algorithm, has been built to find the site and size of the plant(s) that minimise the 

levelised cost of the energy produced (LCOE). The combined effects of the capital, 

operational and transport costs resulted in an optimal LCOE of 86.3 €/MWh for a single 

71 MWSNG plant. On the other hand, the most profitable configuration has been found for 

a two-plant configuration, which has a net present value of 165.8 M€ and LCOE of 89.5 

€/MWh. The resulting optimal configurations are shown in maps, including the resource 

harvesting sites and the selected bio-SNG and grid injection points. The mean distance 

from harvesting sites to the one-plant injection point is approximately 95 km, which 

means transportation costs, while small are not negligible. A scenario analysis shows the 

impact of the resource cost and incentives for bio-SNG injection, showing that a low cost 

of the resource (45 €/tDB) would reduce the one-plant LCOE to 59 €/MWh, which is 

currently above the cost of natural gas for household consumers, 52 €/MWh.  

4.2 Introduction 

As highlighted by Haro et al. [111], operating costs and capital investment of bio-SNG 

production systems, represent the bottleneck for their commercialisation. Economies of 

scale of theoretical bio-SNG production process were investigated by Aranda et al. [190], 

Gassner and Maréchal [191] and Heyne and Harvey [192]. Haro et al. [111] proposed to 

reduce the capital investment by increasing the efficiency, by improving the syngas 

cleaning and upgrading process of the GoBiGas process. A model representative of an 
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existing process of biomass conversion to bio-SNG is necessary, but not sufficient, to 

define its integration with the gas network and commercialisation. Optimal siting and 

sizing in a regional context are also crucial. For a spatially-explicit supply chain 

optimisation, three main components are needed: feedstock availability and distribution, 

candidate production sites, and the road distances connecting each feedstock source to 

each candidate site. The literature about supply chain optimisation for bio-SNG on a 

regional context is limited to two studies by Steubing et al. [33] for Switzerland, and 

Calderon et al. [193] for Great Britain.  

For the deployment and commercialisation of emerging bio-SNG technologies, the 

integration of a thermodynamic model representative of an existing technology in a 

spatially-explicit supply chain optimisation for bio-SNG production is needed, but it 

currently lacks in the literature. This would provide accurate information about the 

techno-economic performances of existing processes, with realistic technical constraints, 

such as material and energy balances, and geospatial limitations, such as resource 

availability and types and gas network accessibility.  

Therefore, the objectives of the chapter are: 

 To build a thermodynamic model representative of the conversion process from 

biomass to bio-SNG, allowing the delineation of the thermodynamic performances 

and mass and energy balances. 

 To identify the economies of scale of the process modelled, determined by its 

capacity and the mass and energy balances between each stage of the conversion 

process. 

 To optimise the supply chain based on the conversion process designed on a 

regional context, to find the configuration, sites and sizes of the facilities, that 

provides the most economically competitive bio-SNG when compared to NG. 

4.3 Methodology 

Therefore, the optimisation of the supply chain for large scale bio-SNG production 

requires the combination of a set of techniques that takes into account the thermodynamic 

complexity of the process, in which the flows of mass and energy are relevant for the 

scaling of the plant, the economies of scale of the process, and the site-specific conditions 

in which the technology is deployed, such as feedstock distribution, road and gas 
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network. The model can be divided into three sub-models, as shown in Figure 4.1: a 

thermodynamic model representative of an existing technology, the techno-economic 

assessment of the process from which the economies of scale laws are extrapolated for 

capital and operational expenditures, and, finally, the supply chain optimisation in which 

the capital and operational costs related to the capacity of the plants are combined with 

the transport costs, dependent on geospatial conditions. The final result provides the 

configuration of the bio-SNG production system that minimises the levelised cost of 

energy of the bio-SNG produced, the site(s) and size(s) of the facilities. Each sub-model 

is described in details in the following subsections. 

 

Figure 4.1. Optimisation strategy overview. 

4.3.1 Thermodynamic model 

As the most mature large scale bio-SNG production project, the GoBiGas process is used 

as the reference for the thermodynamic model, built in Matlab R2016a [194], with the 

Cantera 2.2.1 [195] add-on for thermochemical calculations. Figure 4.2 shows the full 

conversion from biomass to bio-SNG, covering three main stages of the process: 

feedstock pre-treatment, steam gasification, and gas cleaning/upgrading.  
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Figure 4.2. Process flow diagram of bio-SNG production, presenting the mass flows through all the 

reactions modelled. A detailed list of the operational parameters and model assumption is given in Table 

A.2. 
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4.3.2 Feedstock pre-treatment 

In the first stage the forestry residues are grinded and dried. The moisture content (MC) 

of the forestry residues is approximately 55.4% (Table 4.1) when harvested, Sosa et al. 

[196] showed that after a period of storage at roadside up to 2 years the MC is reduced to 

40%. The biomass is dried first in an air dryer to 20% of MC [197] and then in a steam 

drier to 8.1% of MC [198]. Grinder, steam dryer and air dryer are modelled as black-

boxes, calculating only thermal and electric energy consumption, considering unitary 

energy consumption values by mass processed for the grinder and by water removed for 

the dryers (Table A.2). 

Table 4.1. Forestry residues composition and heating value (0) 

 
Value 

LHVDAF [GJ t
-1

] 17.98  

HHVDAF [GJ t
-1

] 19.33  

MC [%ARB] 55.40  

ASH [%DB] 2.73  

C [%DAF] 50.20 

H [%DAF] 6.00 

N [%DAF] 0.17 

S [%DAF] 0.04  

O [%DAF] 43.64  

 

4.3.3 Steam gasification 

Once reduced in size and dried, the feedstock enters the gasification stage. As observed 

by Gassner and Maréchal [199], gasification systems are often modelled assuming 

thermodynamic equilibrium of the gas phase at the reactor outlet but, due to the chemical 

kinetics and heat- and mass-transfer dynamics of the thermochemical decomposition of 

the solid feedstock during gasification, the results diverge from the experimental data. 

By contrast, in a pseudo-equilibrium model species that are known not to reach their 

equilibrium compositions are fixed at values known from experiments, while the 

remaining species are allowed to reach equilibrium composition according to Gibbs free 

energy minimisation. In the case of air gasification of sewage sludge, Dussan and 
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Monaghan [200] used a pseudo-equilibrium model, sourcing the fixed species from a 

statistical analysis of previous studies for similar feedstocks, that resulted in a satisfactory 

description of mass and energy balances, with less regard of final syngas composition.  

The pseudo-equilibrium model built for this study considers a number of hydrocarbons 

previously excluded, and sources its fixed species by mass balancing input and output 

mass flow rates from the most recent experimental data of the gasification reaction in the 

GoBiGas process [198]. This enables calculation of accurate syngas composition that can 

be validated by experimental results. The pseudo-equilibrium model for steam 

gasification is described in Eq. (4.1)–(4.2). 
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(4.2) 

 

Where the over-lined symbols represent the constraints of the model (Table 4.2). On the 

reactants side, λ terms represent the quantity of oxygen transported from the combustor to 

the gasifier (tr), moisture (MC), steam injected (st). On the products side, the Y terms 

represent the mole fractions of the carbon entering as feedstock that convert to char (ch, 

assumed as pure C), tar (represented by naphthalene, C10H8), methane (CH4), ethylene 

(C2H4) and BTX (benzene-toluene-xylene represented in the model by only benzene, 

C6H6). The remaining moles represent the reacting fuel (RF), as shown in Eq. (4.2), that is 

brought to equilibrium through Gibbs free energy minimisation. The species resulting 

from the equilibrium are then added to the constrained hydrocarbons, forming the raw 

syngas exiting the gasifier. 
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Table 4.2. Pseudo-equilibrium model constraints, sourced from Alamia et al. [198] by balancing the mass 

of the species entering and leaving the gasifier. 

Constraints Value 

      
     

       
  

0.05 

      
     

   
  0.088 

      
     

   
  0.5 

     
       

      
   

0.159 

       
        

      
  

0.021 

      
        

      
   

0.124 

        
         

      
  

0.057 

        
         

      
  

0.034 

 

The tar present in the raw syngas is removed in an oil scrubber fed with rapeseed-oil 

methyl ester (RME). The resulting mixture of tar, RME and water is injected in the 

combustor providing part of the heat required by the gasifier. 

The heat balance between gasifier and combustor is calculated with Eq. (4.3). 

 

                                     
 
                               

                      
 
                           

 
      

         

  
(4.3

) 

The gasifier thermal balance (    ) is calculated by subtracting the enthalpy (    outflows 

of the gasification (raw gas, RG; char, ch; ash, ASH) and thermal loss due to imperfect 

insulation (      ), set as 5.2% of chemical energy of the feedstock processed [198], and 

the enthalpy inflows (steam, st; dry and ash-free fuel, F,DAF; moisture content, MC) and 

the heat transferred from the combustor to the gasifier by the bed material (    ). The 

combustor thermal balance (    ) is calculated by subtracting the enthalpy outflows (flue 

gas, FG; and bed material) from the inflows (char, ch; air; RME; tar; water, H2O, 

recirculating gas, rec) (shown in Figure 4.2). The thermal balance between gasifier and 

combustor determines the flow of recirculated gas needed to satisfy the gasifier demand. 

Once the BTX is removed from the main gas stream, the cold syngas enters the cleaning 

and upgrading stage of the process.  
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4.3.4 Syngas cleaning and upgrading 

The cold syngas is compressed to 35 bar for the cleaning and upgrading stage to be 

converted into bio-SNG. An initial olefin hydrogenation saturates hydrocarbons species 

by adding H2 molecules. This stage is modelled by thermodynamic equilibrium through 

Gibbs free energy minimisation limited to the species participating in the main reactions 

involved [111]: COS, H2, CO2, H2S, C2H2, C2H4, C2H6, C3H6, C3H8. The rest of the 

species in the syngas are assumed non-reactant. Similarly, for the hydrodesulphurization 

(HDS), the equilibrium is limited to: CO2, H2, CO, H2O, C4H4S, C4H6, H2S, COS. The 

resulting H2S is then removed to prevent catalyst deactivation.  

The syngas then enters the water-gas shift reactor, where the equilibrium in the model is 

assumed to be limited to CO, H2O, CO2, and H2. The pre-reformer is modelled as an 

adiabatic reactor, where the higher hydrocarbons, along with H2 and CO, are converted 

into CH4. Therefore, the equilibrium has been limited to: H2, H2O, CO, CO2, CH4, C2H4, 

C2H6, C3H6, C3H8, C4H6. 

Before entering the methanation section, the CO2 is removed from the syngas, in order to 

have gas composition before the methanation section of approximately 40% CH4 and that 

satisfies the condition 
      

      
   [111]. Afterwards, the methanation process is modelled 

as a four in-series adiabatic reactors with inter-cooling. After the water is removed in a 

gas dryer, the bio-SNG is injected into the gas grid. A detailed list of model assumptions 

and operational parameters is presented in Table A.2.  

4.3.5 Heat recovery steam generation  

Power consumption of auxiliaries are calculated (       ). Heat integration in the bio-SNG 

production process is assessed using pinch analysis [201] for identifying the minimum 

heating and cooling demand comparing hot and cold streams in the process. If available, 

surplus heat is recovered through a heat recovery steam generator (HRSG) with 

production of power through a condensing steam turbine (        ), which can be used to 

cover the process power demand, with excess power sold to the electricity grid. 

4.3.6 Thermodynamic performance 

The thermodynamic performance of the process is calculated according to the equations 

in Table 4.3, where each efficiency η is calculated dividing the output energy by the input 

energy, E, on an LHV dry and ash-free basis, (        . Eq. (4.4) represents the efficiency 
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of the conversion from the feedstock to raw syngas; Eq. (4.5) calculates the efficiency of 

the transformation from the feedstock to cold gas (pre-compression); Eq. (4.6) calculates 

the efficiency of the cleaning and upgrading stage, from cold gas to bio-SNG; Eq. (4.7) 

calculates the efficiency of the overall process from the feedstock to bio-SNG; Eq. (4.8) is 

the efficiency of the system considering all the energy outputs, bio-SNG (     ) and power 

produced          ), and all the energy inputs, the chemical energy of the feedstock (        , 

the power consumption (       ), and the chemical energy of the RME used (     ). 

Table 4.3. Thermodynamic performance indexes. 

Efficiency Definition Eq. 

Raw gas efficiency     
    

       
 

          
                

 (4.4) 

Cold gas efficiency     
    

       
 

          
                

 (4.5) 

Cleaning and upgrading 

efficiency 
     

     

    
 
            
          

 (4.6) 

Bio-SNG efficiency      
     

       
 

            
                

 (4.7) 

System efficiency      
              

                     
 

(4.8) 

 

 

The pseudo-equilibrium model for gasification is validated using experimental 

composition and raw and cold gas efficiencies from GoBiGas and published by Alamia et 

al. [198]. When applied to the ROI, a more suitable biomass composition of forestry 

residues is used (Table 4.1). 

4.3.7 Techno-economic assessment 

The objective of the techno-economic assessment sub-model is to simulate the capital 

expenditures (CapEx), and operational expenditures (OpEx) laws of the bio-SNG 

production facility as functions of its capacity, expressed in units of Euro actualised for 

2017. 

The thermodynamic model offers the possibility to vary the mass flow of feedstock 

entering the thermodynamic model,         (in units of kilogram per second), thus 
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varying the amount of power of bio-SNG produced,       (in units of megajoule per 

second or megawatt). This scaling process affects the dimensions of each piece of 

equipment used in the conversion (Scale), thus varying their costs that are subjected to 

different scale factors. These are summed in Eq. (4.9), which gives the total installed cost 

(TIC) expressed in units of Euro. 

 
              

     

         
 
  

    (4.9) 

Where PEC is the purchased equipment cost in units of Euro, Scalebase is the base used to 

scale the equipment, SF is the scaling factor, IF is the installation factor. All these figures 

are given in Table A.3.  

Taking into account the indirect costs (IC), whose value is 21.9% of the total installed 

cost [111], the CapEx are calculated with Eq. (4.10), in units of Euro. 

 
             

  

   
  (4.10) 

Fixed operational expenditures (OpExfix) are calculated as a percentage of the total 

installed cost with Eq. (4.11), so it is assumed to increase linearly with the TIC [111], in 

units of Euro per annum. 

 
            

  

   
 (4.11) 

Where the OC is the percentage of operating costs sourced, whose values are presented in 

Table A.4. Variable operational expenditures (OpExvar), related to the flow of material, 

are calculated with Eq. (4.12), in units of Euro per annum. 

        

 

 
  
 

  
 
 
                    

    
  
   

                                                      

 
                    

    
  
   

                                          

  
(4.12) 

Where       , and PF are the mass flow in units of tonne per second and the price (125 € 

tdry
-1 

[139]) of forestry residues,       and PC&A are the mass flow in units of tonne per 

second and the price (2.4 € t
-1

 for CO2 equivalent [111]) of the chemicals and absorbent 

used, VC is the percentage of variable costs, (Table A.5);         and          are the power 
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demand and the power generated in units of MW. The difference between the power 

demand and the generated identifies the power needed to be bought from the grid, priced 

according to Table A.6, PEl the price of electricity; OH is the operating hours of the plant, 

7,500 hours [111].        and       given from the thermodynamic model. The first 

equation is used if the power generated is less than the power required, so it is necessary 

to buy electricity from the grid, the second equation is used if the power generated is 

greater than the power demand so there is no need to buy it from the grid. 

Total operational expenditures are calculated summing fixed and variable operational 

costs.  

Since the costs of each piece of equipment utilised are described by power laws, the 

equations that define CapEx and OpEx as functions of the capacity of the facility are 

power laws. The general form of CapEx and OpEx equations, which describe the 

economies of scale of the process, are described in Table 4.4, Eq. (4.13) and (4.14). The 

values of the constants k1 and k2, and scale factors b1 and b2 are obtained by interpolating 

CapEx and OpEx for different scales. 

Table 4.4. Power laws describing CapEx and OpEx of bio-SNG production facility in function of its 

capacity (Cap).  

Functions  Eq. 

                           
  

 (4.13) 

                         
  

 (4.14) 

 

4.3.8 Supply chain optimisation 

Once the process is modelled as a stand-alone thermodynamic model and its economies 

of scale are defined, the application on a regional basis is assessed. In Chapter 3, the 

distribution of forestry residues over the 3,409 electoral divisions of the ROI has been 

provided, and the 42 AGI on the gas network, shown in Figure 4.3. The AGI are nodes 

connecting transmission and distribution networks where gas pressure is reduced from 

approximately 70 bar to below 16 bar. Following consultations with the Irish gas 

Transmission System Operator, Gas Networks Ireland (GNI), the maximum injection 

capacities of each AGI is set at 560 GWh per annum of bio-SNG. The distances of the 

resources to the AGIs are given by the actual road network, sourced from the Open Street 

Map archive [202], considering only primary, secondary and tertiary roads. The 
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coordinate reference system utilised in the GIS was the IRENET95/Irish Transverse 

Mercator (EPSG 2157). 

The siting and sizing of the process is performed with ArcMap 10.3.1 [203], using a 

location-allocation algorithm. Höhn et al. [204] used the location-allocation algorithm to 

choose the locations of biomethane plants, considering biomass distribution in southern 

Finland, with the aim of minimising transport distances and maximising biomass 

recovery. Comber et al. [205] used a location-allocation based algorithm to optimally 

locate anaerobic digesters maximising biogas production, in the East Midlands of the UK. 

 

Figure 4.3. Forestry residues mass distribution on as-received basis, obtained summing private and state 

operated forestry residues (sourced from Chapter 3). 
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Location-allocation is a solver for the facility location problem based on Hillsman theory 

[206]: given J candidate facilities and I origin points with a weight m, the algorithm 

chooses a subset of the facilities, P, such that the sum of the weighted distances d from 

each I to P is minimised [203]. Table 4.5 lists the equations involved, where Eq. (4.15) is 

the objective function, and Eq. (4.16-4.20) are the constraints to which the objective 

function is subjected. 

Table 4.5. Location-allocation algorithm (sourced from Höhn et al. [204]). 

Description Function Eq. 

Objective function                     
  

  (4.15) 

1
st
 constraint.  

Each origin is assigned to a destination. 
     
 

         (4.16) 

2
nd

 constraint. 

Limits assignments to open or selected sites. 
                       (4.17) 

3
rd

 constraint. 

Number of facilities to be located (p). 
     

 

 (4.18) 

4
th

 constraint. 

Xj = 1 if the facility is located at candidate point j, and 0 

otherwise. 

                (4.19) 

5
th

 constraint. 

Yij = 1 if origin location i is assigned to a candidate location j, 

and 0 otherwise. 

                        (4.20) 

 

From Table 4.5 Eq. (4.15), it is evident that the location–allocation models have three 

geospatial data as inputs: potential candidate sites for the facility, biomass quantity and 

distribution, and the distance between each origin and each candidate. An example of the 

results that can be obtained from the location-allocation algorithm results are represented 

in Figure 4.4, where a different number of facilities to be located, P, is chosen. 
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Figure 4.4. Simplified representation of the location-allocation algorithm results for three different values 

of P. Where P is the number of the facilities to be located, i the origin locations, j the destination locations. 

 

From Table 4.5 Eq. (4.16) and its representation in Figure 4.4, it is also evident that all 

the biomass on the region is allocated to at least one of the candidate sites. That means 

also that the size of the plant resulting from the model solution is constrained by the 

amount of biomass. Once the optimal solution is obtained, the chemical energy of the dry 

and ash-free feedstock, EDAF,F, allocated in the optimal j, is calculated with Eq. (4.21), in 

units of gigajoule per annum. 

 
                       

 
     

  

   
     

   

   
            

        

(4.21) 

Considering 7,500 operating hours in a year [111], OH, the capacity, Cap, of each plant j 

is calculated with Eq. (4.22), and given in the units of megawatt. 

 
                   

 

   
 
 

  
            (4.22) 

The transport expenditures, TrEx, for each plant j are calculated with Eq. (4.22), in units 

of Euro per annum. 

 
                                               

 
 (4.23) 

Where Tfix is the fixed transport cost factor 4.68 € t
-1

 [193], and Tvar is the variable 

transport cost factor, 0.10 € km
-1

 t
-1

 [193] plus 62% considering empty return [183]. 
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Since the solution given is the one that minimises the sum of the weighted distances d 

from each i to j, it is clear from Eq. (4.23) that it is also the solution that minimises 

transportation expenditures, which are linearly proportional to the transport distances. It is 

also clear that in the algorithm the economies of scale, given by the size of the plant and 

its CapEx and OpEx, are omitted. An intermediate parameter that identifies the cost of the 

input energy supply by the biomass collected in each i and allocated to the plant j is 

calculated with Eq. (4.24), in units of Euro per gigajoule.  

 
     

                 

        
              (4.24) 

Biomass cost-to-gate, BCG, is given by the sum of the biomass cost and TrEx from i to j, 

divided by the energy supplied.  

This parameter allows to statistically evaluate the costs of the biomass receive from each 

i. Once BCG is calculated for every i, Eq. (4.25) set the preliminary conditions before the 

location-allocation algorithm is run again iteratively. With Eq. (4.25) the resource in i will 

be assigned to a j in the following iteration only if its BCG in the current iteration falls in 

an acceptance range which is equal to the maximum BCG, found among all the i, 

multiplied by a tolerance factor k (0.99 in this case); otherwise the resource in i will not 

be allocated to any j for all the following iterations. 

 
     

               
               

               (4.25) 

Once Eq. (4.25) is calculated, the location-allocation algorithm is run iteratively for an 

increasingly reduced set of i until there are no more i that can be assigned to any j, and the 

condition given in the Eq. (4.26) is verified. 

 
    
 

         (4.26) 

In other words, by introducing the condition expressed in Eq. (4.25), the algorithm 

excludes iteratively all the biomass in i that, in the optimal configuration, has a unitary 

cost higher than the condition in Eq. (4.25), thus refining the size of the plant. It is worth 

noting that at every iteration of the model, not only does the size of the plant change due 

to the reduced number of biomass origins, but, due to the re-running of the location-

allocation algorithm, also the location assigned may change. 
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The size of the identified plants is constrained by the capacity of the AGIs, CapAGI, 560 

GWh, according to the condition in Eq. (4.27). 

 
     

      
  

             (4.27) 

For each iteration, the levelised cost of the energy (LCOE) and Net Present Value (NPV) 

are calculated with Eq. (4.28) and Eq. (4.29) in  

Table 4.6. LCOE is the present cost per unit of energy produced, both bio-SNG (ESNG) 

and the net electricity, given by the difference of the electricy produced (EEl,out) and the 

energy generated (EEl,in), over the lifetime of the plant. NPV is the difference between the 

present value of cash inflows and outflows over the lifetime of the plant. LCOE also 

represents the average minimum price at which the energy must be sold to break even 

over the lifetime of the project. It can be used to compare the cost of bio-SNG produced 

to that of NG, thus evaluating is competitiveness. NPV is an index to evaluate the 

profitability of the project, and a positive NPV indicates that the earnings are greater than 

the expenses over the plant lifetime, thus generating profit. These two parameters are then 

separately investigated in a scenario analysis. 

Table 4.6. Economic performance indexes of the supply chain. 

Economic index Definition Eq. 

Levelised cost of the energy       
 

       
      

  
   

 
                     

      
  
   

 (4.28) 

Net present value      
              

      

  

   

 (4.29) 

 

The lifetime of the plant, LT, is assumed to be 20 years [111], and the yearly discount 

rate, r, is assumed to be 8% [19]. The yearly cash outflow is calculated with Eq. (4.30), in 

units of Euro per annum. 

 
                                (4.30) 

Where, once the capacity is calculated with Eq. (4.22), CapEx and OpEx are extrapolated 

from the curves obtained as a result of techno-economic assessment, and TrEx is 

calculated with Eq. (23). All the CapEx are considered to be allocated in year 0 [19], for 



GIS-based techno-economic optimisation of a regional supply chain for large-scale 

deployment of bio-SNG in a natural gas network 

 

85 

Eq. (4.28) and Eq. (4.29). The cash inflow in Eq. (4.29), CFin, is calculated using Eq. 

(4.31), in units of Euro per annum.  

 

     
           

   
               

                

   
         (4.31) 

 

Where       ,         and        are in units of GJ per annum,      is the price of gas 

sold to the grid, 28 € MWh
-1

 [19],       is the average incentive for bio-SNG injection 

assumed as the same value as biomethane, 78 € MWh
-1

 [20]. The Irish Renewable Energy 

Feed-In Tariff for electricity production has values from 90 to 160 € MWh
-1

 for electricity 

produced from biomass sources [207], so a mean value of 125 € MWh
-1

, used as IncE, 

gained for the net electricity produced, calculated by the difference of the electricity 

produced (EEl,out) and the energy generated (EEl,in). 

4.4 Results and discussion 

4.4.1 Energy and material balances 

The results of the thermodynamic model are presented first for the gasification section, 

then for the upgrading section of the cold gas to bio-SNG. 

Table 4.7 presents the results for the gasification section compared to the experimental 

results of Alamia et al. [198]. For validation, the experimental results and model results 

are obtained for the same modelled composition of pellets at the same operational 

parameters. The model shows a small overestimation of the molar percentage of H2, CH4 

and C2H4, while the percentages of the rest of the species are slightly underestimated, 

with a maximum relative error of 4.2% for H2. This is reflected in a higher raw gas 

efficiency of the validation model when compared to the averaged efficiency calculated 

with the experimental data, but it can be observed that the raw gas efficiency of the model 

(88.5%) falls in the range of distribution of the experimental raw gas efficiency (87.3 ± 

1.9%). It has also been calculated that 0.29 MW of heat per MW of bio-SNG produced is 

required by the gasifier, equivalent to 0.18 MW of heat per MW of biomass and identical 

to the calculation of Alamia et al. [198]. 49% of the heat demand is satisfied by char, tar 

and RME combustion, the other half of the demand is covered by gas recirculation and 

combustion. The cold gas efficiency of the validation model (73.5%) falls in the range of 

distribution of the cold gas efficiency obtained from experimental results (71.7 ± 1.8%). 
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When the biomass composition is changed to represent the forestry residues in the ROI, 

as given in Table 4.1, the composition and the efficiencies consequentially change 

slightly as can be seen in Table 4.7. 

Table 4.7. Dry gas composition at the net of purge gas for validation and ROI case studies. 

 Raw gas dry molar composition [%] 

 Validation study ROI case study 

Compounds Experiment [198] Model  

H2 42.1 43.9 43.3 

CO 25.3 24.6 24.2 

CO2 21.0 19.7 20.6 

CH4 9.08 9.15 9.24 

C2H4 2.11 2.13 2.15 

 Efficiency [%] 

     87.3 ± 1.9 88.5 88.1 

     71.7 ± 1.8 73.5 73.1 

 

The modelled upgrading section presents an efficiency of 85% (    ), agreeing with 

Alamia et al. [198]. An overall chemical efficiency from biomass to bio-SNG (    ) of 

62.1%, approaching the efficiency calculated from experimental data of 61.8% [198]. 

During the upgrading and cleaning stage an amount of 0.606 kgCO2eq per kg of dry 

feedstock has been calculated, and 33.64% of the C entering the process is removed in 

this stage. 

The bio-SNG presents a molar compositions of 99.6% for CH4 and 0.44% for H2. A 

compatibility check of the bio-SNG features with the Irish gas grid requirements shows 

that the bio-SNG modelled is eligible for grid injection (Table 4.8). 

Table 4.8. Compatibility check of modelled bio-SNG composition and Irish gas grid quality. 

Parameter Entry gas requirements [208] Model results  

HHV [MJ/m
3
] 36.9–42.3  39.48 

Wobbe index* [MJ/ m
3] 47.2–51.41  51.31 

*                              
  

 

Pinch analysis for the cold and hot streams normalised to units of MW of bio-SNG 

produced is performed and presented in Figure 4.5. This reveals the minimum cooling 

utility of 0.25 MW MWSNG
-1

, of heat load in a range of temperature of approximately 45-
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200°C, and 0.57 MW MWSNG
-1

 from high temperature stream, derived from the flue 

gases, that is assumed to be recovered in HRSG to produce power in a steam turbine. 

  

Figure 4.5. Hot and cold composite curves over MWSNG production process. The blue line at the bottom 

represents the cold streams, while the red line at the top represents the hot streams. 

 

The power consumption of the auxiliary equipment is calculated to be 0.10 MW MWSNG
-

1
, while the power generated is 0.23 MW MWSNG

-1
, leading to a net electricity generation 

of 0.13 MW MWSNG
-1

. The RME consumption in the scrubber and following combustion 

results in 0.05 MW MWSNG
-1

. Considering then all the energy inputs and the energy 

output, the efficiency of the system (    ) is 69.9%. 

4.4.2 Economies of scale of the process 

By calculating the mass and energy flows of the process with the thermodynamic model, 

CapEx and OpEx curves from Eq. (4.9)-(4.10), are produced and shown in Figure 4.6 for 

a stand-alone bio-SNG production system, and for a bio-SNG production system 

combined with a HRSG and steam turbine for power generation. 
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Figure 4.6. Resulting curves for CapEx and OpEx for bio-SNG production with and without a HRSG and 

steam turbine power generator. 

Haro et al. [111] calculated a CapEx of 91.2 M€, actualised in 2015, for a 100 MWSNG 

process, while the current study calculates 116 M€ without HRSG, which is 27.2% 

higher. The Chemical Plant Cost Index (CEPCI) used to actualise the cost of each piece 

of equipment in the process was 556.8 in 2015 and 535.4 in 2017, results in a reduction of 

3.8% of the CapEx calculated by Haro et al. [111]. However, the different Euro-Dollar 

conversion rate 1.35 USD EUR
-1

 used by Haro et al. [111] and 1.13 USD EUR
-1

, for 2017 

used in this study to convert the original equipment cost, results in a 16.3% increase of 

the CapEx calculated by Haro et al. [111]. Therefore, a net increase of 12.5% is 

attributable to the fact that the studies were performed in different years. The remaining 

14.7% is due to the differences between the thermodynamic models used in this study and 

the one used by Haro et al. [111], resulting in different Scale values used in Eq. (4.9). The 

thermodynamic results in Haro et al. [111] showed higher efficiencies compared to the 

ones obtained by the model, namely 74% for the cold gas efficiency and 87.6% for the 

cleaning and upgrading efficiency. Higher efficiencies then result in lower CapEx for the 

same energy output. 

In Figure 4.6 can be also observed that when a HRSG is integrated, the CapEx rises 

because of the cost of the steam turbine, while the OpEx decreases, due to the costs saved 

by producing power on-site instead of buying it from the grid. The configuration with the 

CapEx (with HRSG) = 6.8ĖSNG
0.6731 

CapEx (without HRSG) = 5.4165ĖSNG
0.6656 

OpEx (with HRSG) = 0.7839ĖSNG
0.8808 

OpEx (without HRSG) = 0.8038ĖSNG
0.9008 
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HRSG is used in the GIS model, in order to ensure the energy self-sufficiency of the 

plant. 

4.4.3 Plant siting and sizing 

Of the 3,409 EDs considered, 2,988 generate forestry residues to some extent. In the first 

iteration of the GIS model, which allocates all the available resources, 3 of these 2,988 

EDs, which account for small islands, are not connected to the main road network, 

because on small islands, and thus excluded from the calculation.  

The lowest LCOE has been found for a single-plant configuration, for which the resulting 

values of LCOE and NPV for each capacity are shown in Figure 4.7. The capacity of bio-

SNG production that can be supported by the AGI limit is 560 GWh per annum, which is 

equivalent to approximately 74.7 MWSNG of power considering 7,500 operating hours. 

However, the minimum LCOE, 86.3 € MWh
-1

, is found at 71 MWSNG, and not at 74.7 

MWSNG, due to the fact that the model considers the resources from an ED, excluding or 

accepting it to the next iteration following the condition in Eq. (4.25), as a whole, without 

the possibility to modulate the amount of resources collected within the same ED. 

Moreover, the exclusion of the resources with the BCG greater than BCGmax multiplied by 

a factor k of 0.99 causes a discretisation of the resources excluded leaving gaps in the 

sizes of the plant, which is why in Figure 4.7 are not presented curves but dots. However, 

this discretisation is necessary to reduce to a favourable computational time and power 

demand of the model. 

The NPV for that capacity is equal to 130 M€, and it can be noticed that for capacity 

equal and below 11.5 MWSNG, the NPV is negative. 
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Figure 4.7. LCOE and NPV relation to bio-SNG production capacity. 

All the costs and revenue over the life-time of the plant are compared and actualised in 

relation to size is shown in Figure 4.8, from which it is evident how the expenditure for 

the material used, OpExvar is approximately three times greater than each of the other 

expenditures. The negative NPV, at 11.5 MWSNG, is obtained because the costs are 

greater than the cash inflow. 

  

Figure 4.8. Cash outflows (CapEx, OpExfix, OpExvar TrEx) and cash inflow (CFin) over 

the plant life-time for each capacity. 
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The calculated locations of the bio-SNG plants with minimum LCOE are shown in 

Figure 4.9, for one, two, three and four plants. It also shows the value of BCG for each 

ED, ranging from 7.6 € GJ
-1

 for the EDs closest to the plant, to 11.4 € GJ
-1

 for the farthest 

EDs. For a single bio-SNG plant, biomass from 1,939 EDs are allocated and a mean road 

distance of 95 km from the forestry residues origins to the production site has been 

calculated. In the cases in which multiple plants are chosen, the minimum LCOEs result 

greater than the one-plant configuration, and increasing with the number of plants: 86.3 € 

MWh
-1 

for one plant,
 
89.5 € MWh

-1 
for two plants, 93.7 € MWh

-1
 for three plants, 97.1 € 

MWh
-1

 for four plants.  

The NPV for the two-plant configuration, 165.8 M€, is larger than that for one plant, 

129.9 M€, as it uses the biomass of all the EDs connected to the road network, 2,985, 

leading to an increase of 50% of the available mass used when compared to the single-

plant configuration. Moreover, because of its greater economies of scale, the two-plant 

NPV is greater than those for the three- and four-plant configurations, 129.3 M€ and 98.9 

M€ respectively. 
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Figure 4.9. Most competitive configurations for the cases of one, two, three and four plants with their 

respective NPV and LCOE values. BCG of the feedstock collected is shown for each ED. 
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In the case in which the capacity of the bio-SNG production facilities would not be 

constrained by the AGI limits, the maximum capacity of a single plant would reach 106.6 

MWSNG, resulting in an LCOE of 84.74 € MWh
-1

 and an NPV of 208.6 M€. This would 

be also the capacity with the highest profitability. The lowest LCOE would be found for a 

capacity of 102.06 MWSNG and it would be equivalent to 84.06 € MWh
-1

. For capacities 

greater than 102.06 MWSNG, TrEx increases more steeply, leading to a minimum in the 

LCOE at that capacity.  

4.4.4 Scenario analysis 

Forestry residues are currently left on the ground, thus they do not have market value. 

Therefore the cost for its collection is hypothetical and assumed to be 125 € tDB
-1

[139]. 

According to “Bioenergy supply curves for Ireland: 2010-2030” [139], the cost of 

forestry residues can range between 105-377 € toe
-1

, equivalent to approximately 45-160 

€ tDB
-1

. Moreover, the injection of bio-SNG has not been considered yet in the ROI energy 

policies. Therefore, for this study the incentives are assumed to be comparable to the ones 

for biomethane used as transport fuel, produced from waste feedstock, estimated as 

ranging from 38-106 € MWh
-1 

by O’Shea et al.
 
[19] under the Irish Biofuel Obligation 

Schemes. 

In the case of the single-plant configuration, a scenario analysis is performed to assess the 

effect of the variation of resource cost and incentives, as shown in Table 4.9, first on 

LCOE and then on NPV. 

Table 4.9. Values of resource cost and incentives for the scenarios analysis. 

Scenario Resource cost 

[€ tDB
-1

]  

[139] 

Incentives 

[€ MWh
-1

] 

[19] 

Extreme negative  160 38 

Base case  125 78 

Extreme positive  45 106 

 

The LCOE resulting from the three scenarios is shown in Figure 4.10. In the case of the 

capacity of 71 MW, a decrease of 32%, to 59 € MWh
-1

, for a 45 € tDB
-1 

cost
 
of biomass, 

and an increase of 14%, to 98 € MWh
-1

, for a 160 € tDB
-1

 cost
 
of biomass, are observed. 

Even in the extreme positive scenario, the minimum LCOE of bio-SNG, 57.4 € MWh
-1

, is 

greater than both household and non-household consumer NG price.  
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Figure 4.10. LCOE comparison between base case scenario (black diamonds), extreme negative scenario 

(red line) and extreme positive scenario (green line) and comparison with NG costs for household and non-

household consumers, 52 € MWh
-1 

and 30.6 € MWh 
-1

 respectively [41]. 

While the LCOE is only affected by the resource costs, the NPV is also influenced by the 

incentives. The NPV calculated for each scenario, shown in  

Figure 4.11, shows for which capacities the investment is profitable. For the extreme 

negative scenario, the NPV is negative for any capacity, while for the extreme positive 

scenario the NPV is negative for capacities lower than 1.7 MWSNG. 
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Figure 4.11. NPV comparison between base case scenario (black diamonds), extreme negative scenario 

(red line) and extreme positive scenario (green line). 

Additionally, the values of the incentives required to have a NPV equal to 0 are presented 

in Figure 4.12, and compared to the values of the incentives imposed by the scenarios, to 

observe the impact of the variation of the feedstock cost on the incentives needed to have 

a break-even investment. In the case of the selected capacity of 71 MWSNG, an increase 

from 125 to 160 € tDB
-1

 leads to an increase of 25% of the incentives needed, while a 

decrease from 125 to 45 € tDB
-1

 leads to a decrease of the incentives needed of 58%. 

 

Figure 4.12. Level of incentive needed to have a NPV equal to 0 in the cases of base case scenario (black 

diamonds), extreme negative scenario (red line) and extreme positive scenario (green line). Incentives 

proposed in the base case scenario (dash-dotted black line), extreme negative (dash-dotted red line) and 

extreme positive scenario (dash-dotted green line). 
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Feasibility studies for bio-SNG production show a discount rate (r) up to 10% [209] or 

12% [210]. Figure 4.13 shows the effect on LCOE for different values of r, illustrating 

that lower r leads to lower LCOEs. For the capacity of 71 MWSNG, r of 4% leads to a 

6.5% decrease of the LCOE of the base case scenario, while r of 12% increases the LCOE 

of 7.4%. Figure 4.14 shows the effect of r on NPV, illustrating that lower r leads to 

higher NPVs. For the capacity of 71 MWSNG, the r of 4% leads to a 74% increase of the 

NPV of the base case scenario, while r of 12% decreases the NPV of 46%, showing a 

higher impact compared to the effect on LCOE. 

 

Figure 4.13. Effect on LCOE resulting from the variation of r (equal to 4%, 6%, 10%, 12%) from the base 

case scenario (black diamonds) with r equal to 8%. 
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Figure 4.14. Effect on NPV resulting from the variation of r (equal to 4%, 6%, 10%, 12%). from the base 

case scenario (black diamonds) with r equal to 8%. 

4.5 Conclusions 

This chapter presents a novel methodology to site and size bio-SNG plants minimising 

the costs into a regional context. A thermodynamic model for the bio-SNG production 

representative of the GoBiGas process has been built and validated with previously 

published experimental data. The economies of scale of the process are assessed for the 

configurations with and without HRSG and steam turbine power generation. The supply 

chain of the conversion system has been optimised according to the forestry residues 

distribution and AGI sites on the gas grid for the ROI. The configuration of the supply 

chain that leads to the most competitive production of bio-SNG has been found for a 

capacity 71 MWSNG, giving an LCOE of 86.3 € MWh
-1

. However, the maximum NPV, 

165.84 M€, is obtained for the two-plant configuration, associated with an LCOE of 89.5 

€ MWh
-1

. A scenario analysis assesses the impact of resource cost, incentives, and 

discount rate on LCOE and NPV for a single-plant configuration. 

According to the efficiency calculated in this study, the energy of the bio-SNG that can be 

produced is equal to 2.88 PJ a
-1

, refining the values previously calculated in Chapter 3. A 

capacity of 71 MWSNG generates 1.65 PJ a
-1

, 57% of the energy available, and 7.7% of the 

GNI target of 21.5 PJ a
-1

 of renewable gas production by 2024 [46]. 
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4.6 Final remarks 

In this chapter, existing technologies for bio-SNG production were reviewed. Then a 

thermodynamic model representative of the GoBiGas bio-SNG production process was 

built, simulating the main chemical transformations, and validated. Mass and energy 

flows allowed the calculation of CapEx and OpEx based on the capacity of the plant. The 

process was then considered to be deployed on the Irish gas network through a GIS model 

that allowed the calculation of the transportation costs of the forestry residues to the 

candidate injection points on the grid. LCOE of the gas was calculated and the size and 

site of the process that minimise it were selected among 42 candidate points on the gas 

network. NPV was also calculated in parallel to evaluate the profit obtained by the 

production of bio-SNG.  

In Chapter 5, the environmental impact for each activity involved in the supply chain for 

bio-SNG production and its substitution to NG, paired with the substitution of the co-

produced electricity to grid electricity, have been assessed through LCA methodology, 

then integrated with the GIS model that finds the set of configurations of the supply chain 

that minimise economic and environmental impact. 
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Chapter 5. Multi-objective techno-economic and 

environmental optimisation 

5.1 Overview 

This chapter provides a novel design tool that integrates life cycle and techno-economic 

analysis in a spatially-explicit optimisation model for the supply chain for biomass-

derived synthetic natural gas production from forestry residues. It identifyies the 

configurations, including number of plants, locations, sizes, that minimise the 

environmental and investment associated, necessary for a sustainable transition to a 

decarbonised gas network. Results show the conversion stage has the highest negative 

single-score environmental impact with 1,725 μPt/MWh, mostly due to the use of 

rapeseed-oil methyl esters, collection of feedstock with 858 μPt/MWh, followed by 

feedstock transport with a maximum of 103 μPt/MWh. The use of rapeseed-oil methyl 

esters instead of mineral oil, the delivery of biomass-derived synthetic natural gas and co-

produced electricity to the natural gas and electricity grids and their end-use provide a net 

environmental benefit of -1,716 μPt/MWh in the conversion stage. However, the benefit 

is limited to climate change, ionising radiation, ozone depletion and resource depletion, 

while eutrophication and acidification potentials, photochemical ozone formation and 

particulate matter categories are damaged. The environmental impact of the supply chain 

per unit of MWh of biomass-derived synthetic natural gas produced is minimised when 

increasing the number of the plants and minimising their sizes, reducing the impact of 

transport. However, when the environmental impact is coupled to its cost, a single plant is 

the one that presents Pareto optimal solutions. Maps of the configurations that minimise 

the environmental impact per unit euro expended varying the number of plants are 

produced, confirming a 67.6 MW single plant as best solution. 

5.2 Introduction 

LCA is the principal methodological reference for assessing the sustainability of any 

process or product and it is defined as the "compilation and evaluation of the inputs, 

outputs and potential environmental impacts of a product system throughout its life cycle” 

[50].Thus, LCA, used as a stand-alone methodology, provides information limited to the 

environmental impact of a process for which input and output energy and materials are 
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known. Therefore, LCA, as it is, does not aim to design an energy system based on an 

emerging technology, in scarcity of data and absence of real cases, in function of its 

environmental impact performances. Thus, in order to design an energy system in 

function of its sustainability, the LCA needs to be integrated with other techniques that 

such as process modelling, to define the mass and energy balances of the system, a 

geospatial model, to optimise the supply chain based on economic and environmental 

performances, and uncertainty quantification, to identify and assess the sources of 

uncertainty. The central role of LCA in an integrated technical, economic and 

environmental evaluation of fossil fuels substitution in a region that considers spatial 

constraints was outlined in Chapter 2. The integration with the aforementioned 

techniques aims to frame the environmental impact on a region, to which are associated 

energy potentials, and couple it with an economic evaluation to provide policy makers 

and gas transmission systems operators with information about the investment necessary 

for the energy system deployment and its related environmental impact. 12 studies in the 

literature used an LCA approach for assessing bio-SNG, 11 of those have already been 

critically reviewed partly in Chapter 2, with an additional article from Ardolino and 

Arena [42] being subsequently published. As it can be seen in Table 5.1, the integration 

of LCA with economic, spatially-explicit and thermodynamic analysis is limited. 
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Table 5.1. Studies using an LCA approach to bio-SNG production. 

Energy 

carrier 

Goal Feedstock End 

use 

Process 

model 

Geospatial 

model 

Economic 

analysis  

Year Ref. 

B
io

-S
N

G
 

Fossil fuel 

displacement 

Wood H, T 
   

2007 Felder and Dones 

[100] 

Final use 

comparison 

Wood H,E, 

T 
   

2011 Steubing et al. 

[105] 

Process 

optimization 

Wood - 
   

2011 Gerber et al. [101] 

Feedstock, and 

technology 

comparison 

Grass, 

wood crops 

and 

residues 

H 

   

2012 Pucker et al. [104] 

Impact 

infrastructure 

on regional 

scale 

Wood H,E,

T 


 
(Switzerland)

 
 

2014 Steubing et al. 

[33] 

Fossil fuel 

displacement 

Wood H, E, 

T 
   

2015 Holmgren et al. 

[102] 

Process 

comparison 

Wood H, E, 

T 
   

2016 Holmgren et al. 

[103] 

Process 

comparison 

Rice straw E 
   

2017 Feng et al. [99] 

B
io

m
e
th

a
n

e
 

 a
n

d
 b

io
-S

N
G

 

Process and 

final use 

comparison 

Multiple H, E, 

T    

2012 Steubing et al. 

[106] 

Process 

comparison 

MSW H,E,

T 
   

2016 Tagliaferri et al. 

[107] 

Feedstocks and 

process 

comparison 

Wood, 

grass 

T 

   

2017 Uusitalo et al. 

[108] 

Process 

comparison 

OFMSW, 

wood 

- 
   

2019 Ardolino and 

Arena [42] 

H: heat, E: electricity, T: transport fuel 

 

The first study by Felder and Dones [100] presented an LCA based on bio-SNG 

production from wood chips, based on the first 10 kW pilot system in Güssing, with a 

chemical efficiency of 56%, showing a generally better environmental impact of bio-SNG 

when compared to heating and transport fuelled by fossil sources. However, when the use 

of fossil resources or greenhouse gases emissions are weighted more than other impacts 

categories, bio-SNG fuel is the best performer; otherwise, the NG system is valued best. 

Similar results were obtained by Steubing et al. [105] that proposed an assessment for a 

bigger system, based on a 7.5 MW in Baden, with an improved system efficiency due to 

the co-production of bio-SNG, electricity and heat. Bio-SNG systems showed better 

environmental performances when replacing oil based heating and transportation systems, 

somewhat better when replacing NG systems and only slightly better or even worse when 

replacing heat pumps. However impact categories such as respiratory inorganics, 

ecotoxicity, and eutrophication are compromised by bio-SNG. In another study, Steubing 

et al. [106] showed that forestry residues conversion to bio-SNG and its subsequent use 

for electricity generation in a combined cycle power plant is less optimal than direct 
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combustion for combined heat and power generation or to a lesser extend direct heating, 

due to a lower efficiency. Pucker et al. [104] showed that when bio-SNG is produced 

from forestry residues in large scale, injected in the gas grid, and used for heating has less 

GHG emissions and primary energy consumption than NG or direct combustion, 

disregarding however other impact categories or the optimisation of the supply chain. 

Gerber et al. [101] focused on the optimisation of the conversion process by reducing the 

environmental impact and increasing the economic profit. The authors also compared the 

results of the LCA using three different methodologies: i) LCA using mean input data of 

the conversion process from Felder and Dones [100], (ii) LCA integrated with a 

thermodynamic model developed by Gassner and Maréchal [116,117], and (iii) LCA 

integrated with the same thermodynamic model but with integrated heat and power 

production from excess heat by a steam Rankine cycle. The first scenario resulted in a 

harmful impact, the second and the third scenarios resulted in an impact reduction of 

110% and 490%, respectively, compared to the first scenario, resulting beneficial. The 

differences between the first and the second case without and with a Rankine cycle are 

mainly due to the improved conversion efficiency obtained by applying process design 

method. 

Afterwards, Steubing et al. [33] considered environmental and economic performances 

for bio-SNG production sizing optimisation for 11 fixed locations in Switzerland, in 

which the objective functions were profit maximisation and environmental impact 

minimisation. They found that while the environmental optimum is found for the smallest 

size of the plants, between 5 and 40 MW, the economic optimum is found for the largest 

sizes considered, from 100 to 200 MW. This study considered to scale a set of 8 

theoretical bio-SNG production models, sourced and scaled from previous studies by 

Gassner and Maréchal [116,117,211]. 

Holmgren et al. [102] locally produced pellet better than imported, and the use of the 

excess heat on-site , assessed scaling the process model by Heyne et al. [120], is 

beneficial. Holmgren et al. [103] showed a further benefit when the process is integrated 

with district heating, industrial heating or CO2 storage. 

 Ardolino and Arena [42] compared the environmental impact of biomethane and bio-

SNG, showing that the conversion to bio-SNG presents a better carbon conversion than 

biomethane production, but its TRL is still too low and its economic viability appears 
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possible only for large capacities, 200 MW or more, presenting, however, the potential to 

generate energy and chemical by-products.  

Other studies assessed the potential for bio-SNG production from feedstocks different 

from woody residues. Feng et al. [99] showed that bio-SNG produced from rice present 

great environmental benefits in the abiotic re- sources saving and greenhouse gases 

emission reduction when compared to SNG from coal or NG. Uusitalo et al. [108] 

showed that biomethane produced from grass and bio-SNG from willow presents, at 

parity of land use, longest cruising ranges for transport when compared to ethanol from 

different cereals and rapeseed diesel, showing also the highest energy output and primary 

energy input ratio for the entire system. Tagliaferri et al. [107] investigated the 

environmental impact of converting municipal solid waste (MSW) into bio-SNG through 

a dual stage gasification and plasma technology. Results showed that conversion route 

better than AD for MSW in the case of GWP, because of the higher efficiency of methane 

production. 

In the literature review, the necessity to integrate LCA with process modelling, economic 

and geospatial analysis has been highlighted. However, a comprehensive tool that 

includes all the mentioned techniques able to optimise the supply chain for a 

representative bio-SNG technology, providing locations, capacities, energy, economic 

and environmental performances, does not exist to date. 

Chapter 4 revealed that if only the economy is set as an objective, the economies of scale 

of the process tend to expand the size of the optimal plant until the injection capacity 

limit, maximising the biomass collection and minimising the number of plants. However, 

according to the previous study by Steubing et al. [33], it is expected that, when the 

environmental impact is considered, the size of the plant is compressed to minimise its 

impact. 

This work aims to offer a comprehensive thermodynamically consistent, spatially explicit 

optimisation of a supply chain for bio-SNG deployment on a NG grid, assessing the 

trade-off between the economic and the environmental impacts. 

Therefore, the objectives of the chapter are: 

 To assess the environmental impact of the bio-SNG production supply chain. 
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 To couple the environmental impact with the economic assessment in the spatially 

explicit model for the design supply chain. 

 To analyse the trade-off between environmental and economic impact, by 

considering bio-SNG supply chain configuration, sites and sizes of the plants. 

5.3 Methodology 

The environmental impact of the bio-SNG production system is assessed through the 

LCA methodology, based on the ISO 14040 [48] and 14044 [49] standards, using 

SimaPro 8.5 [212] with the Ecoinvent 3.4 database [213]. The result of the LCA is 

integrated with the techno-economic optimisation of the bio-SNG supply chain developed 

in Chapter 4. The design of the supply chain is carried out using the location-allocation 

algorithm in ArcMap 10.3 [143]. 

5.3.1 LCA: Goal and scope definition 

The goal of this LCA is to assess the environmental impact per unit of energy output 

varying the capacity of the plant on a GIS-model for the optimisation of bio-SNG 

production. The results aim to inform investors and policy makers: (i) on the 

environmental impact that would be caused by the substitution of fossil natural gas with 

bio-SNG, and (ii) when integrated with the life cycle cost, on the effectiveness of their 

investment to mitigate the environmental impact. 

This LCA follows a consequential modelling principle [214]. This choice is because this 

study intends to answer the question “how will flows change in response to decisions?” 

[215] by studying the environmental consequences of possible future changes between 

alternative product systems [216]. In this study, the environmental impact of bio-SNG 

production, including electricity cogeneration, and integration in the existing gas network 

infrastructure is evaluated, considering the substitution of natural gas and the electricity 

mix in the case of the ROI on a cradle-to-grave evaluation, with no further infrastructure 

and utilities change. Therefore, the burdens related to infrastructures are not included, as 

also assumed by Ardolino et al. [42]. According to ISO 14044 [49], “The functional unit 

shall be consistent with the goal and scope of the study” and “comparisons between 

systems shall be made on the basis of the same function(s), quantified by the same 

functional unit(s)”. Coherently with the intended energy-based substitutions, the 

functional unit is in MWh of the energy outputs, bio-SNG and electricity [217]. Since a 
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spatially explicit model is developed for the ROI, the geographical scope of the study is a 

focus of the LCA and the data in the database are sourced for the ROI. 

5.3.2 LCA: Inventory analysis 

This system model uses the substitution method (also known as ‘system expansion’) to 

substitute by-product outputs. It includes only activities to the extent that they are 

expected to change in the long-term as a consequence of small-scale changes in demand, 

following a consequential approach, taking into account both constrained markets and 

technology constraints. The processes considered for the bio-SNG infrastructure are: the 

collection of the forestry residues (S1 in Figure 5.1), transport of the forestry residues to 

the plant (S2), conversion of the forestry residues to bio-SNG with co-generation of 

electricity (S3), and substitution of NG and grid electricity, as shown in Figure 5.1. It is 

important to note that bio-SNG production process is integrated with heat-recovery steam 

generation (HRSG), recovering heat from the process and generating pressurised steam 

expanded in a turbine, generating electricity, partially used on site to cover the electricity 

demand and partially injected in the electricity grid. 

 

Figure 5.1. System boundaries and activities included in the LCA. 

In the business-as-usual forestry practice in the ROI, the brash is left on the soil after the 

harvest. In this work it is assumed that, in order to allow the nutrients to be released on 

site and to reduce the moisture content, the residues are collected after a period of up to 

two years on site. The collection of the residues is executed by bundling the brash and 

forwarding the bundles to roadside, where trucks transport it to the conversion site [218]. 
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The moisture content (MC) of the forestry residues is approximately 55.4% when 

harvested. Sosa et al. [196] showed that after a period of storage at roadside of up to two 

years, the average MC on a year is reduced to 40% [196]. It is assumed that a bundler has 

an average productivity of 30 bundles of 0.7 m
3 

per bundle [219] and each bundle is 

assumed to have a bulk density of 0.132 t m
-3

 on a dry basis [220].  

The transportation of the bundles from the forestry site to the conversion plant is carried 

out with a EURO6 truck able to transport more than 32 tonnes, considering that the 

maximum truck payloads were established, based on Irish regulations, of 46,000 kg for 6-

axle articulated trucks [218]. An empty return is taken into account thus yielding a 

capacity utilization for a return trip of 46% [221,222]. 

The conversion of the forestry residues to bio-SNG is obtained through gasification of the 

biomass with cleaning and upgrading of the produced syngas to bio-SNG. The input and 

output materials for the process are sourced from the bio-SNG in Chapter 4, which 

calculates the main input and output energy and materials involved in the chemical 

transformations involved in the bio-SNG production from forestry residues, based on the 

GoBiGas process. The quantity of olivine used as bed material in the gasifier, calcium 

carbonate and potassium carbonate, used as activation agent for the bed material, and 

activated carbon, used in the guard bed to remove H2S from the syngas, are disregarded in 

the thermodynamic model, but sourced from measurement from articles by Thunman et 

al. [38] and Alamia et al. [198], based on the GoBiGas. Since no measurements are 

available for the GoBiGas plant, the amount of particulate matter produced by bio-SNG 

production from wood is sourced from Felder and Dones [100]. The fossil CO2 saved by 

using bio-SNG instead of NG is also included, considering a CO2 emission of 180 kg per 

MWh of methane combusted. The material inventory used as input for the LCI is shown 

in Table 5.2. 
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Table 5.2. Life Cycle Inventory for the conversion stage in unit of MWh of bio-SNG produced. 

 Material Value Ref. 

In
p

u
t 

Forestry residues [kg] 323 Chapter 4 

Olivine [kg] 3.39 [38] 

Potassium carbonate solution [kg] 0.06 [198] 

Calcium carbonate [kg] 5.73 [38] 

RME [kg] 5.34 Chapter 4 
Activated carbon [kg] 0.14 [38] 

Water [kg] 332 Chapter 4 

O
u

tp
u

t 

Bio-SNG [MWh] 1 Chapter 4 

Electricity [MWh] 0.13 Chapter 4 

Ash disposed [kg] 8.82 Chapter 4 

NO2 [kg] 1.1 10
-17

 Chapter 4 

PM10 [kg] 8.7 10
-7

 [100] 

 Fossil CO2 emission saving 180  * 

*Calculated considering a specific methane combustion  

emission of 0.05 kgCO2/MJCH4  

 

5.3.3 LCA Impact assessment 

The method used for the life cycle impact assessment (LCIA) is the International Life 

Cycle Database (ILCD) [223,224]. Ten impact categories are included in this assessment, 

corresponding to those categories whose levels of recommendation on impact assessment 

methodology are ‘‘recommended and satisfactory” or ‘‘recommended but in need of 

some improvements” in the ILC handbook – Recommendations For Life Cycle Impact 

Assessment on the European Context [223]. The impacts considered are: climate change 

(CC), ozone depletion (OD), particulate matter (PM), ionising radiation impact on human 

health (IR), photochemical ozone formation (POF), acidification (AP), terrestrial, marine 

and freshwater eutrophication potential (TEP, MEP and FEP), and resource depletion 

(mineral, fossil and renewable) (RD). The rest of the impact categories classified as 

‘‘recommended, but to be applied with caution” are not considered due to their high 

uncertainty and lack of international consensus on characterisation [225], including 

human toxicity (cancer effects), human toxicity (non-cancer effects), ionising radiation 

(ecosystem), ecotoxicity (freshwater, terrestrial and marine), land use, and resource 

depletion (water). 
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The ILCD method on SimaPro allows to single score is used to generate a single value for 

the environmental impact, obtained aggregating the impact categories after they have 

been normalised and weighted, so they are expressed in a common unit, the 

environmental point (Pt) [226]. The impact considered is on a time frame of 100 years, 

excluding longer term emissions. 

This value is then input into the GIS model. In order to be used in the GIS model, the 

environmental impact factors are expressed: for the collection stage (     ) in unit of Pt 

per bundle of residues produced, for the transport (     ) in unit of Pt per tonne-kilometres 

travelled, and for the conversion stage (     ) in unit of Pt per MWh of bio-SNG 

produced.  

5.3.4 LCA- GIS model integration 

The results of the LCA for the collection, transport, and conversion stage are then 

integrated in the techno-economic GIS-based model previously built in Chapter 4, in 

order to obtain both economic and environmental results from bio-SNG production from 

the forestry residues available in the ROI.  

The single-score environmental impact of the collection stage for each plant j chosen 

between the J candidate sites, EIS1,j, is calculated using Eq. (5.1) in unit of Pt. 

 
         

       

     
            

 
           (5.1) 

Where mDB,F,i is the mass in unit of tonne on a dry basis of forestry residues in the origin 

i, ρb and Vb are the density of the bundle on a dry basis, 0.132 t m
-3

 [220], and the volume 

of the bundle, 0.7 m
3 

[219],
 
respectively, and       is the environmental impact of 

producing a bundle in unit of Pt per bundle of residues. The number of bundles obtained, 

       

     
 , is rounded upwards to the nearest integer. Yij is a constraint of the GIS-model, 

whose value is 1 if the origin of the biomass i is assigned to the candidate location j, and 0 

otherwise (Eq. 4.20). And Xj is another constraint, whose value is 1 if the facility is 

located at candidate point j, and 0 otherwise (Eq. 4.19). The environmental impact of the 

transportation stage for each plant j, EIS2,j, is calculated in unit of Pt using Eq. (5.2). 

 
                                     

 
            (5.2) 
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Where mARB,F,i is the mass in unit of tonne on an as-received basis of forestry residues in 

the origin i, dij is the distance from the origin i to the plant j in unit of kilometres 

calculated by the location-allocation algorithm, AVP is the average payload when the 

return travel is accounted, assumed equal to 46% [221].       is the environmental impact 

of transport in unit of Pt per tonne-kilometres travelled 

The chemical energy of the dry and ash-free feedstock from origin i, EDAF,F,j allocated in 

the optimal j, is calculated with Eq. (5.3), in units of gigajoule per annum. 

 
                       

 
     

  

   
     

   

   
            

        

(5.3) 

Where MC is the moisture content, 55.4%, ASH is the ash content, 2.73%, LHVDAF is the 

lower heating value of the forestry residues on dry and ash-free basis, 17.98 GJ t
-1 

(Table 

A.1). The capacity of the plant j is calculate using Eq. (5.4) in units of megawatt. 

 
                   

 

   
 
 

  
            (5.4) 

Where ηSNG is the chemical efficiency of the conversion process, 0.62, OH is the annual 

operating hours of 7,500 hours (Chapter 4). The chemical efficiency is defined as the 

ratio of the output chemical energy of the bio-SNG produced and the input chemical 

energy of the dry and ash-free forestry residues (Table 4.3). 

The environmental impact of the conversion stage for each plant j, EIS3,j, is calculated 

using Eq. (5.5). 

 
                                (5.5) 

Where       is the environmental impact of the conversion stage in unit of Pt per MWh of 

bio-SNG produced. The absolute value of the environmental impact of the supply chain 

of each plant j, EIabs,j, is calculated using Eq. (5.6). 

 
                                          (5.6) 

While the environmental impact of plant j per unit of megawatt hours produced, EIrel,j, is 

calculated using Eq. (5.7). 
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            (5.7) 

Similarly to the biomass cost-to-gate (BCG) used in a previously used (Chapter 4), 

representing the sum of the collection and transportation cost of the biomass to the plant 

per its chemical energy, the environmental impact-to-gate of the biomass sourced from 

the origin i converted to bio-SNG in j, EIGi, is calculated using Eq. (5.8) for each biomass 

in i going to the corresponding plant j (Yij equal to 1). 

 
     

             

        
              (5.8) 

This parameter is used, instead of BCG, to scale down the system of bio-SNG production 

in the GIS-model, removing iteratively the origin with higher impact in the location-

allocation algorithm in Chapter 4. 

For each iteration, the levelised cost of the energy (LCOE) and net present value (NPV) 

are calculated, as it was in the previous model in Chapter 4, for the economic sphere, and 

the environmental impact per megawatt hours of bio-SNG produced is calculated with 

Eq. (5.9).  

 
       

              

      
  (5.9) 

The double objective of the model is the minimisation of both LCOE and EIrel, and, 

thus, the set of the solutions is represented by mean of the Pareto optimality. A 

solution is Pareto-optimal if it is not dominated by any other solutions.  

5.4 Results and discussion 

5.5 LCA results  

Figure 5.2 shows the impact, expressed in units of single-score, of each of the three main 

stages considered in the assessment over the product or services delivered: collection of a 

bundle of forestry residues (      ), transportation of one tonne of forestry residues for a 

kilometre (      ) , and conversion of forestry residues to MWh of bio-SNG (      ). 

The impact of the 10 midpoint categories are shown for each stage. The environmental 

impact of collection (       results equals to 239 μPt bundle
-1

) and transport (       results 

equals to 2.2 μPt t
-1

 km
-1

) is positive, meaning a negative impact on the environment, 
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while the conversion (       results equals to -1716 μPt MWhSNG
-1

) is negative, meaning a 

benefit for the environment when the bio-SNG and net electricity generated in the process 

are substituted to NG and gas grid electricity (as shown in Figure 5.3). However 

environmental benefits are registered only for CC, OD, RD, POF, IR for the conversion 

stage. 

 

Figure 5.2. Environmental impact single score for: collection (      ), transport (      ) and conversion 

(      ). 

Figure 5.3 shows the environmental impact of the input and output materials of the 

conversion stage. The largest environmental damage is caused by the use of rapeseed-oil 

methyl ester (RME) in the conversion process to remove the tar present in the syngas 
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through an oil scrubber. The rest of the input materials of the process do not have a major 

impact. It is worth noting that the production of 1 MWh of bio-SNG leads to the by-

production of 0.13 MWh of electricity and the substitution of NG by bio-SNG leads to an 

environmental benefit of -1,235 μPt MWhSNG
-1

. The substitution of grid electricity with 

the electricity produced in the process leads to a benefit of -290 μPt MWhSNG
-1

. This is 

equivalent to 23.5% of the benefit of the NG substitution, while the energy of the 

electricity produced is equivalent to 13% of the bio-SNG produced, meaning that, at 

parity of energy substituted, the grid electricity substitution is more effective than the NG 

substitution. 

Moreover, the fossil CO2 avoided with the combustion of the bio-SNG instead of NG 

shows an environmental benefit of -1,148 μPt MWhSNG
-1

, which is almost equal to the 

benefit of the substitution of NG prior to combustion. The RME used in the process is the 

largest contributor of environmental damage, equivalent to 148 μPt MWhSNG
-1

, where the 

main benefits derived from CC and RD. This is due to the substitution of diesel that 

contributes in a reduction of fossil emissions and resource depletion. On the other side the 

effect of the cultivation of rapeseed and the production and use of RME affects mainly 

MEP, FEP, TEP, AP and PM. 
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Figure 5.3. Environmental impact single-score contribution in the conversion stage. Note: the impact of 

those materials lower than 5% on the overall impact of the conversion stage are not shown in this graph. 

Analogously to Gerber et al. [101], even though considering different technologies and 

using different methodologies, the main benefits derive from NG and grid electricity 

substitution and avoided CO2, while RME represents the source of major impact. 

5.5.1 LCA-GIS model results 

The environmental impact per MWh of bio-SNG produced of the optimised supply chain 

is calculated and shown in Figure 5.4 for each feasible capacity and in the case of single- 

and multiple-plant configurations. While the absolute value of the environmental impact 

of the collection (      ) and production (      ) are linearly proportional to the bio-SNG 

output, thus their impact per MWh of bio-SNG is constant for any capacity, the 

environmental impact of the transport stage (      ) depends also on the distances 

travelled by the feedstocks to the plants, resulting from the optimisation. Therefore the 

environmental impact, EI in unit of μPt per unit of MWhSNG
-1

 shown in Figure 5.4 shows 

the trade-off between the environmental benefit induced by the conversion stage, constant 

per MWh, and the damage induced by the collection stage, constant per MWh, and the 

transportation stage, defined by the quantity of feedstock and distance travelled. 
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It is important to note that in the case of one plant, the maximum capacity achievable is 

73.5 MW constrained by the maximum injection capacity of the AGIs of 560 GWh. The 

maximum difference of EIrel is in the case of single-plant configuration with a difference 

of the 18.4% from the maximum to the minimum capacity calculated. When two or more 

plants are the maximum system capacity reached is 106.6 MW, because the bio-SNG is 

injected into more AGIs respecting their constraints. The EI difference from the 

maximum to the minimum capacity for the two-, three- and four-plant configurations are 

13%, 10.8% and 8.9%, respectively. This shows that EIrel of any of the configurations 

does not show a large dependence on size. 

Moreover, the environmental impact of the different configurations tends to converge for 

smaller capacities. At a capacity of 40 MW the one- and two-plant configurations present 

the same EIrel, while for capacities smaller than 10 MW all the configurations converge to 

the same EIrel. 

 

Figure 5.4 Environmental impact per MWh of bio-SNG corresponding to different plant capacities for 

configurations from 1 to 4 plants. 

The trends in Figure 5.4 can be seen also in Figure 5.5, in which only the environmental 

impact of the transport per unit of MWh of bio-SNG produced is shown. The transport is 

the only stage in the supply chain that varies depending on the distance travelled, which is 

influenced by the size of the plant. Considering also that the relative EI for the collection 

stage is calculated to be 840 μPt MWh
-1

, and for the conversion stage is -1716 μPt MWh
-
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1
, the relative EI of the transport is small when compared to the collection and the 

conversion stage, showing a maximum value of 103 μPt MWh
-1

.  

 

 

Figure 5.5. Environmental impact per MWh of bio-SNG produced of the transportation stage model 

resulting capacities for configurations from 1 to 4 plants. 

The overall environmental benefits shown by the single-score aggregates all the mid-

point categories. Figure 5.6 shows, instead, the environmental impact of each mid-point 

category for each stage involved in the supply chain. The environmental benefits are 

registered only in CC, OD, IR and RD, while the main damages in AP, PM, TEP, FEP 

and MEP result from the conversion stage, while the damages in POF result in the 

conversion stage. It is also evident how the transport relative environmental impact is 

negligible, with a maximum value of 103 μPt MWh
-1 

found for a single 73.5 MW plant, 

when compared to the other two stages, collection with 858 μPt MWh
-1

 and conversion 

with a net -1,716 μPt MWh
-1

. It is also worth noting that the conversion stage is also 

responsible for the greater environmental damage 1,725 μPt MWh
-1

, but also the greater 

environmental benefit, -3,398 μPt MWh
-1

. Variation of input data would lead to 

fluctuations in the results obtained that are supposed to be taken as average values. 
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Figure 5.6. Environmental impact of the mid-point categories of each stage of the supply chain. 

Similarly to Gerber et al. [101], the conversion process is the source of major impact, then 

the collection, and transport. 

Figure 5.7 shows the Pareto optimal solutions when LCOE and EI are considered for 

single- and multiple-plant configurations. The frontier represented by the results of the 

single plant configuration shows the Pareto optimal solutions, so that is no other solution 

of the other configurations that improving one of the two objectives, LCOE and EI, would 

not worse off the other. Therefore, even if multiple plants result in less environmental 

impact, as shown in Figure 5.4, when the two objectives are taken into account, the 

single-plant solution is the favoured one.  

This is because the scale of the plant affects the LCOE more than the EI, favouring a 

single large plant, which benefit of stronger economies of scale. 
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Figure 5.7. Pareto optimal solutions considering environmental impact per MWh of bio-SNG produced and 

LCOE for configurations from 1 to 5 plants. 

The environmental impact per Euro spent (EIrel/LCOE) as a function of network SNG 

capacity can be seen in Figure 5.8, for single- and multiple-plant configurations. 

Similarly to Figure 5.7, the single-plant configuration is the one that minimises the ratio, 

meaning lower economic cost for the environmental benefit obtained. 

 

Figure 5.8. Pareto optimal solutions considering environmental impact per MWh of bio-SNG produced and 

LCOE for configurations from 1 to 4 plants. 
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Figure 5.9 shows the 1-, 2-, 3- and 4-plant configurations that minimise the ratio between 

EIrel and LCOE with the relative capacities. It can be observed that increasing the number 

of the plants increases the amount of forestry residues recovered and the capacity of the 

overall bio-SNG production system, with 67.6 MW for the 1-plant configuration, 100.9 

MW for two plants, 100.3 MW for three plants, and 102.2 MW for four plants. The 

resulting LCOEs for the configurations are 86.6 € MWh
-1

,
 
89.8 € MWh

-1
,
 
93.9 € MWh

-

1
and 97.3 € MWh

-1
 from 1- to 4-plant configuration. 

The relative environmental impacts are -761.9 μPt MWh
-1

, -763.5 μPt MWh
-1

, -781.4 μPt 

MWh
-1

 and
 
-787.6 μPt MWh

-1
, respectively. This shows similar impact for the 1- and 2-

plant configurations, and for the 3- and 4-plant configurations. The NPVs calculated for 

each configuration are 121.7M€, 154.5 M€ 119.5 M€, 92.8 M€, respectively, which 

indicates that the 2-plant configuration is the most profitable followed by the single plant, 

which is smaller in size than the combined 2-plant configuration. 

The iterative algorithm that selects the EDs from which the biomass is sourced excludes 

not only the most distant sources, but also the EDs whose environmental impact for the 

collection stage is too large for the amount of biomass collected, such as those EDs, 

whose mass of forestry residues is much lower than the mass of a bundle. In these EDs 

the machinery is used for the same time needed to generate a bundle, with the same 

environmental impact, but the energy supplied by those EDs is lower than the energy that 

a bundle of forestry residues could provide. This is achieved through the use of Eq. (5.1) 

that imposes a discrete production of bundles, so discrete use of machinery for the 

collection of forestry residues, thus penalising those EDs with a low amount of biomass. 

However, it can be noticed that the difference between the maximum and minimum of 

EIG is 48.6 μPt per GJ of chemical energy of the biomass collected.  

The results here shown can also be compared to the results obtained when only an 

economic objective is accounted (Chapter 4). Previous results showed that in the case of 

one plant, the solution that minimises the LCOE corresponds to a capacity of 71 MWSNG. 

For multiple plants with maximum capacity of 106.6 MWSNG, LCOE equals to 86.3 € 

MWh
-1

, 89.5 € MWh
-1

, 93.7 € MWh
-1

 and 97.1 € MWh
-1

 for 1-, 2-, 3- and 4-plant 

configurations, respectively. The NPV for economic optimisation only were 129.92 M€, 

165.84 M€, 129.34 M€ and 98.9 M€, respectively. The results, when the environmental 

and economic objectives are taken into accounts, shows a small increase of the LCOEs 
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and a small decrease of the NPV, for each configuration, when compared to the sole 

economic objective. 

 

Figure 5.9. Configurations that minimise the EIrel/LCOE ratio for the cases of one, two, three and four 

plants with their respective EIrel and LCOE values. EIG of the feedstock collected is shown for each ED 
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Figure 5.10 shows the profit per unit of environmental impact. It is important to notice 

that since the environmental benefit is expressed as a negative value of the environmental 

impact single-score, the solutions that minimise this ratio are favourable. Also, since there 

are no solutions with positive EI, the positive values of NPV/EI represent the situations in 

which NPV is negative, which means a loss of capital. Therefore, from Figure 5.10 it can 

be seen that the greater is the number of the facilities, the larger is the capacity of the 

system needed to generate profit, reinforcing the single-plant solution as the preferred 

economic and environmental sustainable solution. The investment is profitable for system 

capacities equal or greater than 13.3 MW for a 1-plant, 26.8 MW for a 2-plant, 32.8 MW 

for a 3-plant, 46.4 MW for a 4-plant configuration, due to the economies of scale of each 

plant. 

 

Figure 5.10. Ratio between the NPV and environmental impact of the model resulting capacities for 

configurations from 1 to 4 plants. 

In Steubing et al. [33], the results of the optimisation were shown assuming a weighting 

factor between 0 and 1, in which for 0 only the profit is set as objective, and 1 only the 

environment, finding the environmental optimal capacity between 5 and 40 MW and 

economic optima between 100 and 200 MW, finding the most promising sizes, 

considering both in terms of environmental and economic benefits, above 25 MW, 

selecting among eight different gasification technologies. 

This study shows that when only the environmental impact is considered small sizes are 
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produced. However the impact of transport, in the case of the ROI, is negligible when 

compared to the impact of conversion or collection. Moreover, increasing the size of the 

plant, the marginal increment of the environmental impact per unit of MWh of bio-SNG 

produced is lower than the marginal decrease of LCOE, thus resulting in a stronger 

impact of the economic parameter when compared to the environmental one, favouring 

large sizes with better economies of scale. In this study, new features were also 

introduced the injection capacity, limiting the size of the plants, the possibility to consider 

the coexistence of more than one plant, sharing the available biomass, and the possibility 

to identify the best configurations among a larger number of candidate locations, are 

introduced, previously ignored by Steubing et al. [33]. The use of LCOE also confines the 

dependence on variables directly depending on the supply-side, avoiding the effect of 

revenues, highly dependent on factors exogenous to the bio-SNG production system (e.g. 

price of gas, electricity, incentives). The latter can have higher impact than the 

production, transport and collection costs impact on the optimisation of the process 

however they are highly uncertain, as shown by Steubing et al. [33] and in Chapter 4, 

favouring larger capacities maximising the selling of bio-SNG. 

This study shows that the LCOE is minimised for capacities inferior than 100 MW, due to 

the limit injection capacities and the effect of transport costs, as also previously proven in 

Chapter 4, while the EI per MWh of bio-SNG is minimised for small capacities, due to 

the impact of transport, however small capacities are found unprofitable. 

5.6  Conclusions 

This chapter presents a novel integrated LCA-GIS model to evaluate the trade-off 

between environmental impact and economic performances of a bio-SNG production 

system, while siting and sizing the bio-SNG production facilities in a regional context. 

Using a consequential LCA approach, the environmental impact of collection, transport 

and conversion of forestry residues is assessed and used in a GIS model applied for the 

ROI to assess the overall impact of the supply chain depending on the capacity of the 

system and the number of facilities. The results show major environmental benefits per 

MWh of bio-SNG produced for large numbers of small capacity facilities, so that the 

relative environmental impact caused by the transportation of the feedstock is minimised. 

On the other hand, the economic performances tend to favour a small number of large 

capacity facilities, as found in Chapter 4.  
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The Pareto-optimal frontiers of the EI and LCOE shows that the single-plant 

configuration has better performance compared to the multiple-plant configurations, 

which is also the configuration that minimises the environmental impact per unit of 

economic cost and achieving also the best ratio between profits and environmental 

impact. 

The sources of environmental damage have been found in the use of heavy machinery for 

bundling and forwarding in the collection process, and in the use of RME in the 

conversion process. Off-setting the fossil fuel used in the stages, i.e. using CNG fleet 

transportation and machinery powered by the produced bio-SNG would decrease the 

impact, but also the net bio-SNG available for grid injection and uses outside the supply 

chain. However, even if the substitution of bio-SNG to NG presents environmental 

benefits, the minimum LCOE of bio-SNG is still greater than the NG prices for household 

and non-household consumers in the ROI, 52 € MWh
-1 

and 30.6 € MWh 
-1

 respectively 

[41], placing a limit to its development at any scale. 

The resulting overall environmental benefit expressed by the single score should be taken 

with some caution. Mid-point environmental benefits are found in four of the ten 

categories: climate change mitigation, ozone depletion, ionising radiation, resource 

deployment. Environmental damage is predicted in the categories of particulate matter, 

acidification, photochemical ozone formation, terrestrial and marine eutrophication. 

5.7 Final remarks 

In this chapter, the model built in Chapter 4 was integrated with an LCA of the supply 

chain of bio-SNG production from forestry residues. The economic results were coupled 

with the environmental impact in a spatially explicit tool for designing the supply chain. 

Environmental impacts for collection, transport, conversion and substitution of the NG 

and grid electricity with bio-SNG and surplus electricity produced in the process were 

calculated and integrated in the GIS model. LCOE and a single score environmental 

impact were calculated for different size configuration of plant and presented in Pareto 

optimal frontiers for single and multiple plants. 

In Chapter 6, the integration of bio-SNG with biomethane production is assessed and 

compared through techno-economic assessment with potential alternatives for OFMSW 

and its digestate management.  
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Chapter 6. Techno-economic assessment of 

integrated biomethane and bio-SNG production 

systems from OFMSW  

6.1 Overview 

This chapter performs a techno-economic comparison of six different waste-to-energy 

configurations for the management of organic fraction of municipal solid waste 

(OFMSW) in which biomethane production from AD is integrated with thermochemical 

processes for energy recovery from digestate in the case of the ROI. The LCOE and NPV 

of the renewable gas produced are calculated, considering the full supply chain of 

OMFSW collection, biomethane and other energy production at five specific locations, 

and reuse. The best economic performance is for the scenario in which AD-based 

biomethane production is integrated with digestate combustion for heat and power 

generation via a steam turbine. This scenario results in a LCOE range of 86.1-108.5 

€/MWh, and NPV of 70.9-117.1 M€ for the five plants considered. It also provides 100% 

of the power and 51% of the heat demand of the process on-site. For four of the five 

plants, the second-best solution is obtained when AD-based biomethane is integrated with 

bio-SNG production from the digestate, with LCOE of 89.5-109.6 €/MWh and NPV of 

69.5-116.7 M€. Production of only biomethane through AD shows higher costs, and 

lower energy recovery, when compared to the technological routes in which the digestate 

is used for further energy conversion. The integration of thermochemical processes for 

digestate treatment of AD facilities reduces residues volumes and improves the energy 

recovery from the feedstock, partly or entirely covering the energy demand of the 

process. 

6.2 Introduction 

Bio-waste, as defined by the European Union (EU) Landfill Directive (1999/31/EC) 

[156], includes biodegradable garden and park waste, and food waste (FW) from 

households and commercial services. It is also known as the OFMSW. The production of 

methane from such waste decomposing in landfills represents a threat to the environment. 

The Landfill Directive obliged EU Member States to reduce the amount of OFMSW that 
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they landfill to 35% of 1995 levels by 2016, or 2020 for some countries. Production of 

biogas from organic waste represents an alternative route for waste management.  

In 2018, there were more than 17,783 biogas plants in Europe. Biogas can be upgraded 

into biomethane, which can be used as a substitute for natural gas (NG) by injection into 

the NG grid or use as a transportation fuel. The EU is the world's leading producer of 

biomethane, with 540 plants producing an estimated 1.94 billion m
3
 annually [34]. The 

European Biomass Association estimated a current potential of 78 billion m
3
 of biogas, 

with 10 billion m
3
 alone derived from OFMSW [227]. 

However, biogas production leads to the generation of digestate, a solid by-product from 

the initial feedstock, whose volume is approximately the same as the feedstock volume 

despite a mass reduction of ~15% [228]. Digestate is rich in nutrients contained in the 

original feedstock (N, P, K), and can be used as an organic fertiliser via landspreading, 

but it also contains many contaminants. OFMSW, which may contain animal by-products, 

must be thermally treated to remove potential pathogens before the landspreading of its 

digestate, incurring additional energy demand for the AD plant [229]. 

At EU level, the European Nitrate Directive 91/676/EEC [230], limits the annual load of 

nitrogen that can be applied to agricultural land in EU member states. An important 

aspect of digestate processing is its contribution to effective resource management. 

Moreover, because of high water content, application of wet digestate could lead to 

soaking of land in very rainy, humid climates or in water sensitive areas. These issues 

make digestate processing necessary, and costs of the process determine its economic 

viability [229]. 

The aim of this chapter is to evaluate the techno-economic performance, including the 

quantities and costs of energy produced, of advanced waste-to-energy routes via 

integrated biological and thermochemical conversion of OFMSW into biomethane and 

bio-SNG. The chapter considers the full supply chain of the energy system, from the 

collection of the feedstock, through conversion to energy products, to the end-use of the 

products and by-products, thus including digestate handling and disposal. Therefore, the 

objectives of this chapter are: 

 To examine the chemical and physical properties of OFMSW and its digestate, 

through lab experiments, and the AD performance of the feedstock. 



Conclusions 

 

 

125 

 To perform a techno-economic assessment of a range of potentially feasible 

conversion routes based on rigorous thermodynamic models. 

 To calculate full feedstock supply and waste disposal chain costs for the proposed 

conversion routes in a regional context through geographic information system 

(GIS) analysis. 

 To calculate and compare the profitability and the unitary cost of the energy 

produced by the different conversion routes. 

6.2.1 Systems integration 

In the Republic of Ireland (ROI), over 642,000 t of separated household OFMSW is 

produced annually [18]. In 2016, only 420,000 t of biodegradable waste was permitted to 

be landfilled following the EU Directive 1999/31/EC [156]. Despite the increases in the 

landfill levy between 2008 and 2010, by 2011 it had become clear that the levy was not 

acting as a sufficiently strong economic driver. It rose from 50 € t
-1

 in 2011 to 65 € t
-1

 in 

2012 and 75 € t
-1

 in 2013 [231]. Previous work by O’Shea et al. [18,19] showed the 

potential of using OFMSW in large centralised AD facilities for the production of 

biomethane for the Irish gas grid, with lower levelised cost of the energy (LCOE) and 

higher net present values (NPV) than for AD of other feedstocks. The management of the 

residues generated was not addressed in O’Shea’s work, postponing, even if in a smaller 

scale, the problem of dealing with the residues generated. Although applied to the ROI, 

the objectives and outputs of this study can be applied to other regional contexts, using 

the relevant waste distribution, road networks, and conversion and disposal facilities sites. 

Lin et al. [232] highlighted the importance of valorisation routes for FW to tackle issues 

such as lack of landfilling space, uncontrolled greenhouse gas emissions, leaching of 

inorganic matter, and the low efficiency of conventional waste management methods, i.e. 

incineration and composting. In some instances, advanced use of FW is hindered when 

the waste contains plastic and cardboard packaging waste. Current global waste 

management practices, in decreasing order of added value of the waste, include 

production of animal feed, composting, incineration, and landfilling. 

Pham et al. [233] published a review of possible routes of FW conversion to energy 

through biological (e.g. AD and fermentation) and thermochemical technologies (e.g. 

incineration, pyrolysis, gasification). The authors highlighted the point that because of 

relatively high moisture content (MC) of FW, common thermal treatments are considered 



Chapter 7 

  

 

126 

energetically unfavourable. On the other hand, AD can require large amounts of heat, and 

do not significantly reduce waste volumes. Pieire et al. [88] evaluated the energy 

efficiency and sustainability of biomethane production through AD, taking into account 

different biomass feedstocks, and energy recovery, showing that the energy produced 

should be first used on site to have better environmental impact. In the case of South 

Korea, Kim et al. [234] carried out a life cycle assessment of three FW disposal systems: 

(i) AD, (ii) co-digestion with sewage sludge and (iii) thermal drying-incineration. The 

authors showed the incineration option as having the lowest environmental impact.  

Gasification is another attractive process as it can significantly reduce the volume of 

residues and can recover the remaining energy in the digestate to help provide for the 

process demands in both AD and digestate treatment. Several studies on the technical 

feasibility of the thermal conversion of FW have been reported, involving gasification 

and combustion. Each of these technologies produce a range of energy products. 

Gasification produces a gas mixture, syngas, which can be used as fuel for the combined 

production of heat and power (CHP). On the other hand, flue gas from waste incineration 

or combustion can be integrated for energy recovery and posterior CHP. Murphy and 

McKeogh [29] investigated the technical, economic, environmental of energy production 

from incineration and gasification of the residual component of MSW (e.g. non-

recyclable and non-organic), and from AD of OFMSW followed by CHP, thus separating 

MSW in two streams for the two different routes. Ardolino and Arena [42] presented a 

comparison of the environmental performance of the two main strategies for biowaste 

conversion to renewable gas, the biological route for the wet biomass and the 

thermochemical route for the dry biomass, highlighting the importance of both and 

encouraging further analysis. In the case of sewage sludge, Dussan and Monaghan [200] 

investigated the possibility to improve the operation of waste water treatment plants 

integrating AD with thermochemical treatments. They presented a solution to reduce the 

solid waste product and cover the energy demand of the plant that AD alone cannot offer. 

In the state-of-the-art, an integration of biological and thermochemical routes for 

OFMSW, which considers their energy synergies while maximising energy recovery and 

minimising waste volume, is absent. Despite AD’s relative technological simplicity and 

low costs, when compared to thermochemical treatments such as gasification or 

incineration, its low energy recovery and limited mass reduction of waste undermine 
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AD’s energy and economic efficiency. This is primarily due to the energy demands and 

costs of additional treatments for the transport and disposal of digestate. This assessment 

is only possible when the whole supply chain, including collection of OMFSW, its 

conversion to products and by-products, and transport and disposal of waste products, is 

considered on a spatially-explicit level, where actual constraints (e.g. road distances, 

landspreading limits, landfilling costs, etc.) are considered. 

6.3 Materials and methods 

OFMSW is composed of household FW and garden waste (GW), with their proportions 

depending on location (rural or urban) [18]. Samples of FW and GW are collected and 

processed through a lab-scale AD apparatus, from which the main conversion 

performance metrics are collected. The composition of the digestate produced is then 

analysed via thermogravimetric analysis (TGA). 

Specific biogas production from the two feedstocks and composition of the digestate are 

then used in the thermodynamic model to simulate six different technology routes, in 

which OMSFW is processed via AD, and the biogas is upgraded to biomethane, while the 

digestate undergoes thermochemical treatments. These treatments include air and steam 

gasification, and combustion. The overall thermodynamic and economic performances 

are then calculated. 

When not processed by a further thermochemical treatment, the digestate is considered to 

be landspread on farmland. Ashes produced by thermochemical treatments, are used as 

cement aggregate. The combination of the six technology routes with their relevant 

disposal alternatives are applied to five plants, in which the allocation of feedstock to the 

respective plant is sourced from O’Shea et al. [19] through a GIS-model. The road 

distances of the feedstock from their origins to the facilities in which it is allocated, and 

the road distances of the waste generated in each plant to the closest disposal sites are 

calculated. LCOE and NPV are assessed and compared for a total of thirty scenarios, 

which include six technology routes and five plants. In the following subsections, the 

experimental measures, the thermodynamic and cost modelling, and the GIS-model are 

described.  
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6.3.1 Experimental set up 

The proportions of FW and GW in the OFMSW depend on the electoral division (ED) in 

which it is collected, as assessed by O’Shea et al. [235]. Therefore, the digestion 

performances for FW and GW are assessed separately and the biogas production potential 

in the ROI is scaled according to the composition of OFMSW in each ED.  

A mesophilic AD is performed at 37°C in two continuously stirred tank reactors, in an 

apparatus described by Browne et al. [236]. The organic loading rate (OLR) of the 

reactors is maintained at 2.5 kg VS m
-3

reactor d
-1

 and fed daily, after the digestate removal. 

A 10% dry solid (DS) content is maintained in the reactors. The methane volumetric 

percentage (CCH4) in the biogas and the specific methane yield (SMY) in units of Nm
3 

per 

kg of volatile solid (VS) of the two feedstocks are measured weekly. Biogas production is 

measured using a wet tip gas meter connected to a data logger. The biogas is stored in a 

gas-tight sample bag and analysed for methane composition with an Agilent 6890N 

Network Gas Chromatograph (GC), equipped with a Hayesep R packed GC column and a 

thermal conductivity detector with Argon as carrier gas. In order to assess the stability of 

the process, the pH of the reactors is measured daily using a Jenway 3510 pH meter, and 

the alkalinity ratio is calculated weekly using a two point titration according to the 

Nordmann method [237] with a Titronic Universal Automatic Titrator. The alkalinity 

ratio (IA/PA) determines the ratio of the intermediate alkalinity (IA) over the partial 

alkalinity (PA). IA is an indicator of accumulation of volatile fatty acids. PA represents 

the alkalinity of the bicarbonates and is a measure of the buffer capacity in the digester. 

The bicarbonate buffer capacity compensates the accumulation of volatile fatty acids, 

avoiding a decrease in pH that would lead to an end of biogas production [237]. Finally, 

DS and VS of the feedstocks are measured, respectively, by oven drying at 105 °C for 24 

h and combustion of the remaining material at 550 °C for two hours [238]. This work has 

been carried in the facilities of University College Cork by Dr Richard O’Shea and Dr 

David Wall. 

The proximate and ultimate analysis of FW and GW feedstocks and their digestate are 

assessed. Proximate analysis is carried out to characterise MC and ash content (ASH) 

following standard procedures [239,240]. The maximum temperature used for the ASH 

measurement is 900 
o
C, in order to take into account the volatilisation of inorganics, 

which occurs above 575 
o
C. Ultimate analysis in which the mass percentages of carbon, 
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hydrogen and nitrogen content (C, H, N) are recorded, is carried out by combustion at 950 

°C in a static O2 environment with He as a carrier gas, in a Perkin Elmer 240 Elemental 

Analyser. This work has been carried in the facilities of University of Limerick by Dr 

Karla Dussan. 

6.3.2 Technology routes modelling  

The experimental characterisation of OMFSW and its digestate are used as inputs for the 

thermodynamic models, in which the mass and energy balances of six technology routes 

are simulated, and their costs actualised to 2017. The model has been built in Matlab 

R2016a [194], with the Cantera 2.2.1 add-on for thermochemical calculations [195].  

Table 6.1 shows the key attributes of the technology routes (T) investigated. T1, 2 and 3 

model AD-based biomethane production and grid injection. T1 is the simplest case in 

which OFMSW is pre-treated and digested to produce biogas with a parallel generation of 

digestate. The former is upgraded to biomethane and the latter is dewatered. In T2, the 

dewatered digestate is further dried to 10% of MC. In T3, part of the biogas is combusted 

in an internal combustion engine (ICE) to cover the heat and power demand of the 

process. In T4, 5 and 6 the digestate is converted through thermochemical treatments. In 

T4 the dried digestate is processed via air gasification, and the syngas produced is used in 

an ICE to generate heat and power. In T5 the dried digestate is combusted, and the heat is 

recovered to generate steam, expanded in a turbine to generate heat and power. In T6 the 

dried digestate undergoes steam gasification, the syngas produced is upgraded to bio-

SNG. Biomethane and bio-SNG are then injected in the NG grid.  

The waste products of the six T are then disposed: landspread, in case of dewatered and 

dried digestate, or used in cement kilns, in case of ashes. 

Table 6.1. Description of the six technology route (T) and residue end-use alternatives. 

Technology 

route (T) 

Description Residue end-

use 

1 Pretreatment & AD of OFMSW, upgrade of biogas to bioCH4, grid injection, digestate 

dewatering. 

Landspread of 

dewatered 

digestate 

2 Pretreatment & AD of OFMSW, upgrade of biogas to bioCH4, grid injection, digestate dewatering 

and thermal drying. 

Landspread of 

dried digestate 

3 Pretreatment & AD of OFMSW, upgrade of biogas to bioCH4, grid injection, digestate dewatering 

and thermal drying, biogas CHP for drying energy & power export. 

Landspread of 

dried digestate 

4 AD of OFMSW, upgrade of biogas to bioCH4, grid injection, digestate dewatering and thermal 

drying, digestate air gasification, syngas CHP for drying energy & power export. 

Use of ash in 

cement kilns 

5 AD of OFMSW, upgrade of biogas to bioCH4, grid injection, digestate dewatering and thermal Use of ash in 
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drying, digestate combustion, HRSG for drying energy, steam turbine for power export. cement kilns 

6 AD of OFMSW, upgrade of biogas to bioCH4, grid injection, digestate dewatering and thermal 

drying, digestate steam gasification, upgrade of syngas to bio-SNG, grid injection, HRSG for 

drying energy, steam turbine for power export. 

Use of ash in 

cement kilns 

 

The thermodynamic model for AD is inputted with the calculated experimental values 

and the volume of methane,     , and biogas,    , produced in units of Nm
3
 are 

calculated with Eq. (6.1) and Eq. (6.2).  

 
            

  

   
 
  

   
     (6.1) 

 
    

    
    
   

  (6.2) 

Where        is the mass of feedstock on an as-received basis in units of kilogram per 

annum, sourced from a previous article by O’Shea et al. [18]; DS is the dry solid content 

as a percentage of the mass of feedstock on as-received basis; VS is the volatile solid 

content as a percentage of the mass of feedstock on dry basis; SMY is the specific 

methane yield in units of Nm
3
 per kilogram of volatile solid;      is the methane 

volumetric percentage in the biogas.  

Before AD, the OFMSW undergoes a pretreatment stage that includes screening 

(electricity consumption of 5.4 kJe kg
-1

), hammer mill (electricity consumption of 20 kJe 

kg
-1

) and pasteurization (electricity and heat consumptions of 5 kJe kg
-1

 and 157 kJth kg
-1

) 

to remove unwanted biological contaminants [241].
 
An AD system for OFMSW is 

estimated to consume 21.6 kJe kg
-1

, including maceration of feedstock, mixing and 

pumping [242]. As assumed by O’Shea et al. [243], the thermal energy demand of the 

digester is neglected as the OFMSW is heated up during pasteurization. 

An amine scrubbing system was selected to upgrade biogas to biomethane because of the 

high purity achieved (>99.9%) and low level of methane slip (    , 0.5% in volume) its 

technology maturity, and large operational range [243]. The energy consumption for 

upgrading accounts for 396 kJe Nm
-3

 and 360 kJth Nm
-3

 biogas, biomethane compression 

to 16 bar is estimated to be 432 kJe Nm
-3

 biomethane [243]. The capacity of biomethane 

production,     , in unit of MW is calculate with Eq. (6.3). 
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 (6.3) 

Where     is the volume of methane calculated with Eq. (5.1),     is the methane leaked 

as a percentage of total volume of methane,        is the lower heating value of methane 

equal to 35.8 MJ Nm
3 

[244], and OH is the operating hours, assumed to be 7,500 h per 

annum.  

The amount of digestate on dry basis produced in the AD process,        , is calculated 

with Eq. (6.4). 

 
                

  

   
  
  

   
     

   

   
     

  

   
   (6.4) 

Where        is the mass of the feedstock processed per annum on an as-received basis, 

sourced from a previous article by O’Shea et al. [18], and VSD is volatile solid 

destruction as a percentage of the volatile solid in the feedstock and experimentally 

measured. 

Post-treatment of digestate includes mechanical dewatering to 75% of MC, whose 

consumption is estimated to be 78.6 kJe of primary energy per kilogram of digestate 

processed [245]. When additional drying is considered, the energy required for reducing 

MC from 75% to 10% is used, 2.6 MJ per kg of water evaporated [200]. 

The CapEx for an AD plant processing OFMSW in the ROI is estimated by Browne et al. 

[242] to be 256 € t
-1

 a
-1

, which is more expensive than for other feedstocks. The additional 

cost is due to higher specifications required by Irish environmental authorities for such 

waste treatment processes. While the OpEx is estimated to be 25 € t
-1

 [242], higher than 

AD for other feedstocks because of the additional pre-treatment requirements such as 

waste screening, removal of contaminants and frequent operation of front loading 

machinery associated with loading and unloading batch digesters. 

The CapEx for the upgrading can be calculated by Eq. (6.5), sourced from Bauer et al. 

[246]. 

 

                    
     

 (6.5) 
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Where      is the hourly volumetric flow rate of biogas upgraded in unit of Nm
3
 h

-1
. The 

OpEx is estimated by GNI to be 101,293 € a
-1

, and the cost of connection to the grid is 

1.892 M€ [243]. 

In T4, 5 and 6, the digestate resulting from AD undergoes thermochemical treatment, 

either combustion or gasification. The thermodynamic models for the single stages of 

each scenario are sourced from Dussan and Monaghan [200] and Chapter 4 of this thesis, 

in which the ultimate and proximate analyses for FW and GW are experimentally 

measured are used as inputs. 

In the case of air gasification (T4), dried digestate is considered to be gasified at 1.2 bar 

and 800
o
C using an air feed rate to keep the equivalence ratio (ER, ratio of stoichiometric 

air flow to actual air flow) of the process to 2.35. The air gasification thermodynamic 

model is based on the pseudo-equilibrium model developed by Dussan and Monaghan 

[200] for sewage sludge. Differently from an equilibrium model, in a pseudo-equilibrium 

model species that are known not to reach their equilibrium compositions are fixed, while 

the remaining species reach equilibrium composition according to Gibbs free energy 

minimisation. The initial composition of the digestate is set according to the experimental 

values of ultimate and proximate analysis obtained by TGA. The char produced during 

gasification and a fraction of cleaned/cooled syngas is combusted (ER = 0.9) to provide 

the heat required to enable syngas to exit the gasifier at 800 
o
C.  

In T5, the dried digestate is combusted and the heat produced is used to generate steam. 

The steam is superheated to reach maximum steam temperature 723 K [247]. The 

pressures in the steam turbine, with an isentropic efficiency of 62% [200], are set to 

maximise the electricity generation and cover the demand of the system, such that low-

pressure steam was exhausted from the turbine at 2 bar and used to meet the heat 

requirements in the system. 

In T6, the thermodynamic model for bio-SNG production is sourced from Chapter 4 of 

this thesis. It includes steam gasification of the feedstock, cleaning and upgrading to bio-

SNG. The operational parameters are maintained as in the original model while the input 

composition of the feedstock is changed to the new experimental data. Bio-SNG 

production is combined with HRSG from which the heat is recovered to generate steam, 

which is then expanded in a steam turbine to generate electricity.  
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Thermodynamic models for T4 and T5 are integrated with economic calculations sourced 

from Dussan and Monaghan [247], while the thermodynamic model for T6 is integrated 

with the economic analysis of Chapter 4 of this thesis.  

6.3.3 GIS-based model 

The six T are assumed to be deployed on the ROI gas network. Previous studies by 

O’Shea et al. [18,19] provided the quantity and distribution of OFMSW available, its 

composition in GW and FW (Table 6.2), and also optimised the number and the locations 

AD plants in which the OFMSW is allocated, resulting in the map shown in Figure 6.1. 

The biomethane injection points correspond to above ground installations (AGIs) on the 

gas transmission network, where gas pressure is reduced from transmission pressures of 

approximately 70 bar to below 16 bar for onward delivery to distribution networks, which 

typically operate at 4 bar, with an injection capacity of 560 GWh (Chapter 4). 

 

   

Figure 6.1. Map of OFMSW distribution in the ROI and the optimised location of the proposed anaerobic 

digestion facilities (I-V) along the gas grid. 
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Table 6.2. Mass in as-received basis and partition of the feedstock processed in the five plant as calculated 

by O’Shea et al. [19]. 

Plant Location 
mARB,F 

[t a
-1

] 

FW 

[%] 

GW 

[%] 

I Rathcoole, Co. Dublin 130,440 54.8 45.2 

II Newtown, Co. Kildare 130,393 54.4 45.6 

III Mallow, Co. Cork 124,037 55.0 45.0 

IV Athlone, Co. Westmeath 112,727 55.8 44.2 

V Kells, Co. Kilkenny 99,034 57.2 42.8 

 

The road distances from the plant to the end-use site of the residues are optimised 

considering the shortest path between them. In the scenario of landspreading, digestate is 

transported by road to the nearest farmed area and landspread within the legal limit of 

nitrogen in-take of the soil, of 170 kg ha
-1

 y
-1 

[248]. The area of farmland in each ED is 

sourced from the latest Census of Agriculture [166] and is shown in Figure 6.2. The road 

network, consisting of primary, secondary and tertiary roads, is sourced from the free 

access Open Street Map archive road network [202]. 

   

Figure 6.2. Area farmed in each ED (sourced from Census of Agriculture [166]) and cement kilns location. 
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Spatial distributions and transportation distances were assessed with ArcGIS 10.3 [143], 

considering a total of 3,409 EDs as the minimal geographical units in the ROI for 

statistical purposes [142]. All of the resources found in each ED are considered uniformly 

distributed inside its area. The coordinate reference system utilised in the GIS was the 

IRENET95/Irish Transverse Mercator (EPSG 2157).  

6.3.4 Techno-economic performance 

The capacity of the green gas produced from the full system,     , is calculated by 

summing biomethane and bio-SNG production in units of MW. Heat and power required, 

     and     , are the sums all the power demand from both the main conversion stages 

presented in the scenarios and the ancillary equipment. The power is produced by the ICE 

or the steam turbine (     ), and heat is recovered from flue gases or from the cooling of 

main streams (     ). The coverage of power and heat demand with power and heat 

generated on-site, CW and CQ respectively, are calculated in Eq. (6.6) and Eq. (6.7). 

 
    

     

    
     (6.6) 

 
    

     
    

     (6.7) 

Economic indicators of the proposed systems included Net Present Value, NPV, 

calculated with Eq. (6.8), and levelised cost of energy, LCOE, calculated with Eq. (6.9). 

 

     
              

       

  

   

 (6.8) 

 

      
 

       
       

  
   

 
   

       
  
   

 
(6.9) 

Where LT is the life time of the plant, equal to 20 years in this study [19];     is the 

annual energy of the green gas produced in units of MWh, obtained using the 

thermodynamic model; r is the discount rate, equal to 8% in this study [19]; and CFin,y 

and CFout,y are the cash inflow and outflow at year y calculated with Eq. (6.10) and Eq. 

(6.11), respectively. 
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                                 (6.10) 

Where Pgas is the revenue earned by selling the gas produced equal to 28 € MWh
-1

 [19]; 

Incgas the value of the incentives earned by selling renewable gas equal to 78 € MWh
-1 

[19]; GF is the gate fee of 75 € t
-1

 that could be charged to ensure OFMSW is provided to 

the facility [188], and        is the mass on an as-received basis of OFMSW in units of 

tonnes per annum. 

 
                      (6.11) 

CapEx and OpEx are calculated based on the thermodynamic models and the sizes of the 

five plant considered. They are added the transport cost, TrEx, calculated in Eq. (6.12).  

 
                                   (6.12) 

Where TrEx is the sum of the cost of transporting the feedstock from its origins i to the 

plant j and the mass of the waste produced in the plant j,         , digestate or ashes, 

from the plant j to its final destination k (where k is farm, cement kiln or landfill site); T is 

the cost of transport in units of euro per tonnes transported per km travelled, considering 

empty return, equal to 0.181 € t
-1 

km
-1

 for transporting OFMSW [19]. 

The distances of the OFMSW origin to the plant, dij are calculated with the GIS software 

considering the origin-destination matrix produced by the optimisation of O’Shea et al. 

[19], but substituting the linear distances used in [19], with road distances calculated with 

ArcGIS in this work. The distance of the plant to the closest disposal site, djk, is 

calculated in the GIS model using the shortest-path algorithm.  

6.4 Results and discussion 

6.4.1 Experimental results  

The performance indicators from the AD tests on FW and GW have been calculated 

through experimental measurements and are shown in Table 6.3. The recorded pH values 

were within recommended limits of pH 7-8. The IA/PA ratios were below 0.3, indicating 

a stable digestion process [237]. The SMY achieved was similar to those in prior literature 

utilising separated household FW from a different location, which reported 0.36 Nm
3
 kg

-1
 

VSadded [249].  
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Table 6.3. Measurements obtained through experiments for the AD of FW and GW. 

Indicator FW GW 

pH 7.5 7.70 

IA/PA 0.25 0.20 

Volatile solids destruction, VSD [%] 84.6 85.8 

CH4 percentage in biogas, CCH4 [%] 59 55 

Specific CH4 yield, SMY [Nm
3
 kgVSadded

-1
] 0.44 0.34 

 

The properties of the thermal conversion of digestate were studied to identify differences 

in the conversion regime and efficiency given changes in the reactivity after AD. Table 

6.4 summarises the properties of the materials employed in this study. Ash content was 

relatively reduced in both FW and GW. This is likely related to leaching of minerals to 

the water phase removed after dewatering of the digestate. In addition to this, carbon 

percentage in the mass of digestate on DAF basis presents a reduction of 7% and 4% 

when compared to the carbon percentage in the initial mass of feedstock on DAF basis of 

FW and GW, respectively, thus leading to an implicit reduction of the heating value of 

the material after AD. 

Table 6.4. Thermal conversion properties of FW and GW and their respective digestate. 

Proximate analysis 
FW GW 

Unprocessed Digestate Unprocessed Digestate 

DS [%ARB] 19.41 - 29.55 - 

VS [%DB] 91 - 87 - 

ASH [%DB] 9.1 8.2 13 12.2 

LHVDB [MJ kg
-1

]
†
 16.14 11.96 14.50 12.58 

Ultimate analysis [%DAF]   

C 51.14 44.31 51.58 47.54 

H  6.93 6.34 7.12 6.27 

N 2.49 3.50 2.16 1.75 

O* 39.44 45.86 39.14 44.43 

† Scheurer’s correlation [250],* By difference.  

6.4.2 Techno-economic assessment results 

The closest locations for landspreading, incineration at cement kilns and landfilling are 

found with the GIS model. Their distances from the five plants are listed in Table 6.5. It 

is worth noticing in Table 6.5 that only in the case of landspreading for PIII, the digestate 

produced is transported to two farms so as not to exceed the limit of N in-take of the farm 

soil. 

Table 6.5. Closest disposal facilities resulting from the GIS model. 
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 Disposal site distance 

Plant Farmland Cement kiln 

 For digestate landspreading For ash reuse 

I 2.6 56 

II 5.4 54.3 

III 11.4 59.7 

IV 1.8 (44% of the digestate) 

4.1 (56% of the digestate) 

58.5 

V 5.5 115.8 

 

The resulting LCOE is showed in Figure 6.3 for the five plants, the six technology routes. 

T5 minimises the LCOE with a maximum of 108.5 € MWh
-1

 for PV and a minimum of 

86.1 € MWh
-1

 for PI. T3 shows the highest LCOEs ranging from 106.9 € MWh
-1

, for PI, 

to 134.5 € MWh
-1

, for PV, due to the additional cost for the ICE use to combust part of 

the biogas, and the use of biogas on-site that decrease its net amount. It can also be 

observed that the LCOE for each plant within the same technological route increase from 

PI to PV, due to the increasing transportation costs from PI to PV. 

 

Figure 6.3. Resulting LCOE for the five plants (P), and the six technology routes (T). 

In Figure 6.4 the resulting NPVs are shown. NPV trends are generally the opposite to 

those for LCOE, as should be expected. The highest NPVs are shown for T5, ranging 

from 70.9 M€, for PV, to 117.1 M€, for PI. And lowest NPV is showed for T3, ranging 

from 54.3 M€, for PV, to 95.3 M€, for PI. NPVs of the plants within the same 

technological route decrease from PI to PV for the same reason for which LCOEs 

increase. 
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Figure 6.4. Resulting NPV for the five plants (P), and the six technology routes (T). 

The energy capacity of the five plants is proportional to the amount of feedstock 

processed, showed in Table 6.2. For T1, T2, T4 and T5, the biomethane output is the 

same, while for T3, averagely 18% of the biomethane is reduced because of the use on 

site of biogas. T6 presents the additional production of bio-SNG, increasing the capacity 

of 18% when added to biomethane. The amount of energy produced, and consequentially 

the revenues from its selling, influence LCOE and NPV calculations. T3, that has the 

lower net biomethane production, is also the technological route with higher LCOE and 

lower NPV, while T6, the route with the higher net renewable gas production, is the 

second best technological route in term of LCOE and NPV. 

For T3 and T5 the power demand is covered on site, with ICE in which the biogas is 

burnt for T3, and using a steam turbine, with steam generated by the combustion of the 

dry digestate. A better thermal coverage can be observed in T5. The best energy recovery 

is observed in T4 in which the digestate is gasified and the syngas is combusted in an ICE 

providing 60% of the thermal power required and averagely 113% of the power energy 

for all the plants, exceeding the demand. T6 presents the lowest performance in terms of 

energy recovery, which is only provided by steam generation from heat recovery in the 

bio-SNG production process, then expanded in a turbine.  

T1 and T2 present the lowest CapEx, since they are the most simply configurations, 

however they present higher OpEx when compared to T3, T4 and T5, due to the absent 
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thermal and energy production on-site, thus buying NG and electricity from the grid. 

Gasification-based process, T4 and T6, present the highest CapEx, due to the complexity 

of the processes; and T6 also presents the second higher OpEx due to the less intensive 

energy recovery compared to T3, T4 and T5, that leads to the use of external sources of 

energy, but also maintenance and material costs. 

Considering the distances in Table 6.5, the transport costs for each plant and for each 

technology are calculated are shown in Table 6.6. The transport costs of the feedstock to 

the plant in which the feedstock is allocated is the same for each technology, and it is 

increasing from PI to PV due to the allocation choices adopted in the model by O’Shea et 

al. [19], in which the allocation of the resources is performed by saturation of the 

capacities of each plant from PI to PV.  

The costs related to the transport of the waste to the disposal sites is for any P and T 

orders of magnitudes inferior than the transportation of the feedstocks to the respective 

plants. This depends on the mass reduction of the feedstock to dewatered and dried 

digestate (T1 and T2-3) and to ashes (from T4 to T6), the proximity of the farmed land 

(where the maximum distance is for PIII of 11.4 km). Lower transport costs are observed 

for the technological routes that generates dried digestate, even if generated in larger 

quantity than ashes. 

Table 6.6. Resulting costs of transport of feedstock to each plant P and cost of transport for waste of each P 

to the disposal site for each T. 

Plant Transport cost feedstock to 

plant 

 [M€ a
-1

] 

Transport cost residue to disposal  

[M€ a
-1

] 

 All the T T1  

Dewatered digestate to 

farmland 

T2-3  

Dried digestate to 

farmland 

T4-5-6  

Ash to cement 

kiln 

I 0.419 0.015 0.004 0.008 

II 1.222 0.029 0.008 0.008 

III 1.319 0.06 0.002 0.008 

IV 1.572 0.015 0.004 0.007 

V 1.976 0.022 0.006 0.012 

 

 The sum of the transport cost is mostly dependent on the cost of transport of the 

feedstock. A detailed list of the results obtained are showed in Table A.7 in the 

Appendix. 
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6.5  Conclusion 

This chapter presented a techno-economic comparison of advanced waste-to-energy 

conversion routes for OFMSW with the aim to find the technology route that minimises 

the volume of the residues generated and maximise the energy production and recovery. 

This has been performed on the reference case of the ROI, integrating a previous study 

based only on AD and biogas upgrading [18], taking into account the OFMSW generated, 

its composition, its spatial distribution, and the location of the optimised AD plants 

previously found by O’Shea et al. [19], to which six scenarios of energy conversion from 

OFMSW to energy and two disposal alternatives have been introduced. The 

thermodynamic models are initialised with experimental measurements of OFMSW 

digestion, and digestate composition analysis.  

Combustion of digestate to generate steam then expanded in a turbine SNG (T5) presents 

the lowest LCOE (86-108.5 € MWh
-1

), and highest NPV (71-117 M€). The second best 

configuration is the AD-only configuration with no further thermal treatment of digestate 

(T1) with a LCOE 88.4-110.4 € MWh
-1 

and NPV 69-114.6 M€ for PI, and the 

configuration in which the digestate is used as feedstock for steam gasification to produce 

bio-SNG (T6) presents LCOE from 89.5 to 109.6 € MWh
-1

, and NPV from 69.5 to 116.7 

M€, for PII-III-IV-V. This is due to a larger difference of transportation costs between T1 

and T6 applied to PII-III-IV-V than for PI, showing the penalty incurred caused by 

transporting wet digestate to further farms. 

 In the case of bio-SNG production for the five plants, the sum of 77.76 MW of 

renewable gas produced, that for 7,500 hours per annum of operational time, corresponds 

to 2.1 PJ a
-1

. This amount of energy corresponds to the 9.8% of the Gas Networks Ireland 

target of 21.5 PJ a
-1

 of renewable gas production by 2024 [46]. 

6.6 Final remarks 

In this chapter, a previous work by O’Shea et al. [18,19] that determined the optimal 

locations for biomethane production from OFMSW in the ROI was extended. The model 

simulating bio-SNG production, which wa built in Chapter 4, and other models 

simulating air gasification, and considering combustion and HRSG were integrated. The 

aim was to perform a techno-economic comparison of possible alternatives for energy 

recovery from the digestate produced from AD of OFMSW. This showed lower LCOE 
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for the solutions in which digestate is combusted, used for bio-SNG production, or 

landspread. 
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Chapter 7. Conclusions 

7.1 Overview 

This chapter summarises and discusses the findings of the work carried out during this 

research. A summary of the outcomes of the work presented in this thesis is given in 

Section 7.2. Overall conclusions are given in Section 7.3 and ideas for future studies 

related to this work are provided in Section 7.4. 

7.2 Discussion 

This thesis investigated the deployment of bio-SNG production systems in the test case of 

the Republic of Ireland gas network, providing a methodology to design the supply chain, 

identifying sites and sizes of the bio-SNG production facilities that allows evaluation of 

both the economic and environmental impacts of bio-SNG production. 

Key contributions of this work include: (i) a full review of LCAs of biomethane and bio-

SNG energy systems and their integration with process modelling, geospatial modelling 

and uncertainty quantification, (ii) a geospatial resource assessment of the wastes and 

residues available for bio-SNG production, (iii) a thermodynamic model representative of 

bio-SNG production, (iv) analysis of economies of scale of the process, (v) a GIS model 

delivering the optimal configuration of the supply chain based on the minimum levelised 

cost of the bio-SNG produced from forestry residues and net present value calculation, 

(vi) LCA of the supply chain of bio-SNG production from forestry residues and 

integration with a GIS-model, (vii) techno-economic comparison of bio-SNG production 

from the organic fraction of MSW with other waste-to-energy processes. 

 In Chapter 2, LCAs of biomethane and bio-SNG systems are reviewed. 31 studies 

focused on biomethane, 8 on bio-SNG, and 3 on both. Inclusion of geospatial modelling 

was observed for only 2 studies and process modelling for only 1 study, showing an 

overall lack of integration of an environmental impact assessment with other techniques 

able to deliver a comprehensive set of information, including detailed energy flows, 

environmental and economic impact of the designs of supply chain for biomethane and 

bio-SNG. Based on the literature reviewed, a framework for integrating LCA with GIS 

modelling, thermodynamic modelling, life cycle costing and uncertainty quantification 
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was developed to guide future methodologies. This was motivated by the fact that studies 

that have integrated these techniques were showing significantly different and more 

accurate results than when compared to the stand-alone LCA, with differences up to 

400%. 

In Chapter 3, a spatially explicit resource assessment was performed for the Republic of 

Ireland, assessing the amount and distribution of potential available resources for bio-

SNG production: agricultural residues, forestry residues, MSW, sewage sludge, and 

digestate. Results were shown in thematic maps and large potentials for MSW and 

forestry residues were identified. 

In Chapter 4, existing technologies for bio-SNG production were reviewed, showing the 

highest level of maturity for woody biomass conversion. Then a thermodynamic model 

representative of the GoBiGas bio-SNG production process was built, simulating the 

main chemical transformations, and validated by experimental data of the GoBiGas 

process sourced from the literature. In particular, a novel pseudo-equilibrium model was 

built to simulate steam gasification, supported by experimental measurements of the 

process. The thermodynamic model allowed to assess mass and energy balances of the 

conversion of the forestry residues into bio-SNG. The efficiencies calculated in the model 

resulted in the range of tolerance of the efficiency calculated using measured values in the 

literature. 

 Mass and energy flows allowed the calculation of CapEx and OpEx based on the 

capacity of the plant. The process was then considered to be deployed on the Irish gas 

network through a GIS model that allowed the calculation of the transportation costs of 

the forestry residues to the candidate injection points on the grid, which added to CapEx 

and OpEx, allowed the calculation of LCOE of the gas and the possibility to select the 

size and site of the process that minimise it. NPV was also calculated in parallel to 

evaluate the profit obtained by the production of bio-SNG.  

In Chapter 5, the model built in Chapter 4 was integrated with a LCA of the supply 

chain of bio-SNG production from forestry residues, so that the economic results were 

coupled with the environmental impact in a spatially explicit tool for designing the supply 

chain. Environmental impacts for collection, transport, conversion and substitution of the 

NG and grid electricity with bio-SNG and surplus electricity produced in the process 

were calculated and integrated in the GIS model. LCOE and a single score environmental 
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impact were calculated for different size configuration of plant and presented in Pareto 

optimal frontiers for single and multiple plants. 

O’Shea et al. [18,19] had previously determined the optimal locations for biomethane 

production from OFMSW in the ROI. This work was extended in Chapter 6 by 

integrating in the bio-SNG model built in Chapter 4 to evaluate the economic 

performances (LCOE and NPV) of further treatments of the digestate generated, 

including air gasification, steam gasification and upgrading of the syngas produced, as 

well as considering combustion and HRSG. In this chapter, 6 routes of conversions are 

evaluated for 5 plants, in a total of 30 scenarios. 

Finally, a tool able to provide economic performances and environmental impacts while 

designing the supply chain of the energy system, was delivered.  

7.3 Conclusions 

This work resulted in a number of key observations regarding the deployment and 

evaluation of bio-SNG production: 

From Chapter 2: 

 LCAs for biomethane and bio-SNG are limited, and even more limited for bio-

SNG. None of the bio-SNG studies are representative of a demonstration/pre-

commercial technology, representing theoretical gasification processes, not 

validated by real cases, or low-efficiency lab-scale/pilot gasification processes. 

 The integration of LCA with other techniques is rare, but it can be essential in 

extending the LCA in regional context as aid for the infrastructure design, 

economic and environmental analysis.  

From Chapter 3: 

 10.18 PJ a
-1

 of chemical energy from bio-SNG, equivalent to 47.33% of GNI’s 

2024 targets for green gas can be delivered, considering all the available resources 

suitable for gasification. 

 Dry mixed MSW is able to provide 7.16 PJ a
-1

 of bio-SNG, while forestry residues 

2.5 PJ a
-1

, presenting the wastes and residues with the highest potential. The 

limited amount of data for modelling and validate the conversion of dry mixed 

MSW to bio-SNG through gasification and plasma-cleaning of the syngas, 

however, limited further development regarding that resource in this study.  

From Chapter 4: 
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 A pseudo-equilibrium model for steam-gasification integrated with cleaning and 

upgrading stage showed that the chemical efficiency of conversion of forestry 

residues (using the GoBiGas operational parameters) is 62.1%. When integrated 

with HRSG, the whole system can reach an efficiency of 69.9%. 

 One 71 MWSNG bio-SNG plant is the most competitive configuration for the ROI 

for bio-SNG production from forestry residues, with a LCOE equivalent to 86.3 € 

MWh
-1

, which compares to 52 € MWh
-1

 for NG for household consumers 

currently. 

 A two-plant system is the most profitable configuration with a NPV of 165.8 M€, 

due to a fully recovery of the available forestry residues overcoming the capacity 

limitations for a single AGI. 

 The costs derived by the transportation of the forestry residues are the lowest 

when compared to the other costs. While variable operational costs are 

approximately three times greater than the other cost terms, thus identifying the 

importance of the feedstock price. 

 Considering the uncertainty of the price of forestry residue, in the case of the 

optimal configuration, the cost of the bio-SNG varies from 59 to 98 € MWh
-1

. 

Thus in the best case scenario of low price the LCOE would get close to 52 € 

MWh
-1

 for NG for household consumers. 

 Incentives from 22 to 66 € MWh
-1 

are necessary for the investment to break-even. 

Current incentives support only biomass heating systems and AD heating systems, 

with respectively maximum incentives of 56.6 € MWh
-1

 and 29.5 € MWh
-1

, for a 

maximum annual energy production of 300 MWh per annum (40 kW of capacity 

assuming 7500 operational hours). 

From Chapter 5: 

 When the absolute environmental impact is considered as an objective for the 

supply chain optimisation, smaller sizes and multiple plants are favoured, due to 

the reduction of transport environmental impact. 

 When the environmental impact is coupled with the economic performances, a 

single large plant minimises the environmental impact per Euro invested. 

 The environmental benefit of the bio-SNG systems deployment is limited to 

climate change, ionising radiation, ozone depletion and resource depletion, while 
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eutrophication and acidification potential, photochemical ozone formation and 

particulate matter categories are worsened. 

 The major environmental impact derives from the conversion process, especially 

the use of rapeseed-oil methyl ester. 

From Chapter 6: 

 Considering the management of OFMSW, the bio-SNG production integrated to 

AD-based biomethane production is the second best solution, when compared to 

biomethane production (i) with and (ii) without drying of digestate, (iii) partial use 

on site of the biogas, (iv) combustion of dried digestate, and (v) air gasification of 

the dried digestate.  

 The economic performances for the combined biomethane and bio-SNG 

production are considered with LCOE from 89.5 to 109.6 €/MWh and NPV from 

69.5 to 116.7 M€.  

 While the best performance was found for the configuration in which AD is 

integrated with digestate combustion and power generation via a steam turbine 

with LCOE ranging from 86.1 to 108.5 €/MWh, and NPV from 70.9 to 117.1 M€. 

7.4 Future works 

The work presented in this thesis provides a number of opportunities for improvement or 

extensions from what has already been built. 

In case of the work presented in Chapter 4: 

 Thermodynamic model representatives of other bioenergy systems could be used 

in this model, if supported and validated with experimental data. A plasma-

cleaning model for syngas produced from MSW can be developed when more 

data would be available, unlocking the potential of dry mixed MSW, the largest 

resource in the ROI. 

 Due to the lack of experimental data, the efficiency of the process in this model is 

insensitive to scale variations; future investigations might assess the effect of the 

scale on mass and energy balances (e.g. heat losses). 

 The GIS model can be applied to other regional contexts. Application to regions 

larger than the ROI (approximately 70,000 thousand km
2
) might need a deeper 

insight on the variation of the cost of transport by road, or eventually considering 

other routes of transport (i.e. by rail). 
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 A model combining bio-SNG production and power-to-gas can be developed. In 

order to convert all the C introduced by the biomass to CH4, the injection of H2 

could replace the removal of CO2. Thus, power-to-gas integration could be a 

valuable option, in which an electrolyser, fed with renewable electricity (i.e. 

electricity surplus from wind farms), splits water molecules generating H2. 1.3 

Nm
3
 of H2 per each kilogram of dry feedstock would need to be injected in order 

to balance the ratio 
      

      
  , resulting in a doubled production of bio-SNG. 

Moreover, the O2 produce during the electrolysis can feed a oxygen-fired 

gasification.  

 Only domestic resources have been evaluated in this study. However, alternatively 

the impact of imported resources on economies and on the design of the 

infrastructure can be assessed, possibly moving in the proximity of an existing 

port, e.g. Moneypoint in county Clare, where the largest power plant and the only 

coal-fired is also located, or Foynes in county Limerick. 

In case of the work presented in Chapter 5: 

 Due to the high uncertainty, impact categories including human toxicity (cancer 

effects), human toxicity (non-cancer effects), ionising radiation (ecosystem), 

ecotoxicity (freshwater), ecotoxicity (terrestrial and marine), land use, and 

resource depletion (water) were not considered. Their inclusion would enlarge the 

spectrum of the environmental impact and it is needed in the future. 

 Even if considered sustainable after a period during which the nutrients are 

released in the forest soil, other effects of the removal of forestry residues from 

the ground has not been considered in this work, such as the effects on soil carbon 

balance and the counterfactual decay of organic matter. All these phenomena 

might have an impact on the results [251]. 

In case of the work presented in Chapter 6: 

 The digestate is considered to be distributed to the closest farms with no 

additional revenue, but considering an additional upgrading of the digestate that 

would turn it into biofertiliser might increase the process expenditures but also the 

revenues, varying the economic performances of the scenarios in which the 

digestate is landspread. 
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 Landspreading of fly ash might be considered after a deeper investigation on the 

trade-off between nutrients and contaminants. 

 The optimisation in this study is limited to the economic performance of the 

supply chains. If the environmental impact of the process, assessed by life cycle 

assessment, is introduced, the results might favour the configurations which are 

closer to their energy self-sufficiency, which means those configurations that rely 

less on external fossil energy sources. 

 The application of wet or dry digestate on land as a substitute of mineral fertiliser 

and its effect on soil will also need to be assessed, in terms of economic and 

environmental performances. 
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Appendix A.  

Table A.1. Representative heating values and proximate analysis of the material assessed. 

     Proximate analysis   

Category Resource LHVDAF 

[GJ t-1] 

HHVDAF 

[GJ t-1] 

MC 

[%ARB] 

VM 

[%DB] 

FC 

[%DB] 

ASH 

[%DB] 

Ref. 

Agricultural 

residues 

Wheat straw 18.1 19.4 10.2 76.3 17.3 6.4 [252] 

Barley straw 18.5 19.7 20.1 75.9 18.2 5.9 [252] 

Oat straw 18.6 19.9 8.2 80.9 13.7 5.4 [252] 

Forestry 

residues 
Sitka spruce 18.0 19.3 55.4 81.4 15.8 2.7 [252] 

Tertiary waste 

Organic waste 23.0 24.3 57.3 52.4 17.0 30.7 [252] 

Mixed paper, 
cardboard and 

composites 
17.4 18.8 24.0 83.6 10.1 6.3 [253] 

Mixed plastic 37.9 40.5 13.3 93.4 1.3 5.3 [253] 

Fines 20.2 21.7 41.1 64.7 10.0 25.3 [253] 

Disposable 

diapers  
21.8 23.6 66.9 87.2 8.7 4.1 [253] 

Textiles 23.3 24.8 12.4 84.0 9.4 6.6 [253] 

Garden waste 18.5 19.9 53.9 73.0 17.4 9.6 [253] 

Wood waste 18.8 20.2 14.8 83.1 14.1 2.8 [253] 

Sewage sludge 21.3 22.8 20.6 51.1 7.3 41.6 [252] 

Digestate 16.1 17.6 62.0 29.3 6.7 64.0 [252] 

LHV: lower heating value; HHV: higher heating value; MC: moisture content; VM: volatile matter; FC: fixed carbon; 

ASH: ash content; DB: dry-basis; DAF: dry and ash-free. 

Table A.2. Model description and operational parameters. 

Air dryer [197] 

Model type: black-box 

Power consumption: 2,825 kJ kgH2O
-1

 

Heat consumption: 85 kJ kgH2O
-1 

T = 95 °C 

Steam dryer [197] 

Model type: black-box  

Power consumption: 2,310 kJ kgH2O
-1

 

Heat consumption: 352 kJ kgH2O
-1

 

Gasifier [198] 

Model type: pseudo-equilibrium 

Reactor type: isothermal 

T = 870 °C 

p = 1.2 bar 

Δp = 0.1 bar 

Steam-to-biomass ratio = 0.5 

Combustor and post-combustor [198] 

Model type: Gibbs free energy minimisation 

Reactor type: isothermal 

T = 920 °C 

p = 1.2 bar 

Δp = 0.1 bar 

Air-to-fuel ratio = 1.2 

RME scrubber [198] 

Model type: black-box  

RME injection: 0.017 kgRME kgDAF,F
-1  

Water content with RME: 40%v 

Adsorption bed [197] 

Model type: black-box 

Steam injection: 9.2 kgSt kgBTX
-1

 

T= 40°C 

Olefin hydrogenation [111] 

Model type: Gibbs free energy minimisation 

Reactor type: isothermal 

T = 450°C 

p = 35 bar 

Δp = 0.35 bar 

Hydrodesulphurization [111] 

Model type: Gibbs free energy minimisation 

Reactor type: isothermal  

T = 350°C 

Δp = 0.35 bar 

H2S Removal [111] Guard bed [111] 
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Model type: black-box 

T = 45°C 

Δp = 0.35 bar 

Power consumption [197]: 2,240 kJ kgCO2eq
-1

 

Heat consumption [197]: 50 kJ kgCO2eq
-1

 

95% H 2S recovery 

Model type: black-box 

T = 45°C 

Δp = 0.21 bar 

99.99% recovery of H2S 

95% recovery of COS and other organic sulphur 

WGS reactor [111] 

Model type: Gibbs free energy minimisation 

Reactor type: isothermal 

T = 250°C 

Δp = 0.35 bar 

H2O/CO = 1 

Pre-reforming [111] 

Model type: Gibbs free energy minimisation 

Reactor type: adiabatic 

Tapproach = 480°C  

Δp = 0.35 bar 

Steam-to-carbon ratio: 3 

CO2 removal [111] 

Model type: black-box 

T = 45°C 

Δp = 0.35 bar 

Power consumption [197]: 830 kJ kgCO2eq
-1

 

Heat consumption [197]: 90 kJ kgCO2eq
-1 

95% CO 2 recovery 

 

Methanation (4x) [111] 

Model type: Gibbs free energy minimisation 

Reactor type: adiabatic  

Tapproach,1 = 478°C 

Tapproach,2 = 297°C 

Tapproach,3 = 159°C 

Tapproach,4 = 150°C 

Δp = 0.35 bar 

Gas dryer [111] 

T = 45 °C 

Δp = 0.35 bar 

Miscellaneous 

Grinder power consumption [254]: 212.4 kJ kgDB
-1 

(including feeder, hammer mill, conveyor) 

Pump isentropic efficiency [200]: 75% 

Compressor isentropic efficiency [200]: 75% 

TAir to combustor [198]: 348°C 

NOx removal [200]: 95%  

Steam 

Low pressure steam: 3.8 bar 

High pressure steam: 35 bar 

TSt to gasifier [198]: 350°C 

Steam turbine 

Mechanical efficiency: 98% 

Isentropic efficiency: 75% 

p= 100/25/6 bar 

Tin = 580°C [197] 

 

Table A.3. Cost inventory for the process for the total investment cost calculation (gasification and 

methanation components sourced from Haro et al. [111]). 

Equipment 
Base cost 

(€2017) 

Scaling 

Factor, SF 

Base 

scale 
Unit 

Installation 

factor, IF 

Grinding  1.53∙10
5 

1 2,140 tdry/day 2.47 

Drying  3.21∙10
5
 0.7 1,100 tdry/day 2.47 

Gasification Section 9.20∙10
6
 0.72 100 

MWth of biomass 

(LHV) 
2.47 

Ceramic filter 2.22∙10
6
 0.7 500 

MWth of biomass 

(HHV) 
2.47 

Oil Scrubber 1.80∙10
7
 0.65 135,497 Nm

3
/h 1 

Compression of raw 

Syngas 
5.31∙10

6
 0.7 5.44 MWe 1.32 

Olefin hydrator 3.11∙10
3
 0.67 65.77 t/h 2.47 

HDS unit 3.11∙10
3
 0.67 65.77 t/h 2.47 

CO2 and H2S 

removal 
1.85∙10

7
 0.65 12.62 kg/s of eq. CO2 2.47 

ZnO guard-bed 2.71∙10
4
 1 8 Nm

3
/s 3 

WGS unit 3.83∙10
5
 0.56 44.66 kg/s 1 

Pre-reformer 4.91∙10
7
 0.6 1,277 kmol/h reformed 1 

Methanation 3.95∙10
4 

0.67 149.69 kg/s 1
st
 reactor 2.47 

Steam cycle system 7.98∙10
6
 0.7 10.3 MWe 2 
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[255] 

The base cost is actualised to 2017 using a conversion factor 1.13 USD2017 / EUR2017 and CEPCI2017 = 

535.3. 

 

Table A.4. Fixed operating costs (sourced from Haro et al. [111]). 

Fixed operating costs OC [% TIC] 

Labour 1.56 

Maintenance 1.5 

General expenses 3.07 

Management and operation services 0.44 

Cost of goods sold, marketing, logistics and others 1.32 

Insurance 0.5 

Total 8.39 

 

Table A.5. Variable operating costs (sourced from Haro et al. [111]). 

Variable operating costs VC [% variable costs] 

Waste water 0.57 

Gasifier bed material 0.81 

Biodiesel (oil scrubber) 5.00 

Boiler chemicals 0.14 

Water demineralization 2.43 

Pre-reformer and methanation catalyst 3.00 

Reactor catalyst  1.50 

Ash disposal cost 0.36 

Total 13.81 

 

Table A.6. Gas and electricity prices in ROI for range of consumption [256]. 

Fuel Form Delivered energy cost  

[€ MWh
-1

] 

Electricity Band IA: <20MWh per annum 230.7 

 Band IB: >=20 < 500 MWh per annum 177.2 

 Band IC: >=500 < 2000 MWh per annum 149.1 

 Band ID: >=2000 < 20,000 MWh per annum 119.3 

 Band IE: >=20,000 < 70,000 MWh per annum 111.7 

 Band IF: >=70,000 < 150,000 MWh per annum 101.1 

 

Table A.7. Results for the five plants considered for each technological route. 

 
PI PII 
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T1  T2 T3 T4 T5 T6 T1  T2 T3 T4 T5 T6 

Egg [MW] 14.4 14.4 11.8 14.4 14.4 17.0 14.4 14.4 11.8 14.4 14.4 17.0 

Residues[t] 30439 8455 8455 803 803 803 30495 8471 8471 800 800 800 

Win [MW] 0.74 0.74 0.90 0.80 0.83 0.92 0.74 0.74 0.90 0.80 0.83 0.92 

Qin [MW] 1.01 3.13 3.09 3.13 3.14 3.13 1.0 3.1 3.1 3.1 3.1 3.1 

CW [%] 0 0 100 116 100 72 0 0 100 116 100 72 

CQ [%] 0 0 30 60 51 31 0 0 28 60 51 31 

CapEx [M€] 38.4 38.4 42.2 49.8 42.4 50.4 38.4 38.4 42.0 49.8 42.4 50.4 

OpEx [M€ a
-1

] 5.2 6.3 4.9 4.6 4.5 5.9 5.2 6.3 4.8 4.6 4.5 5.9 

TrEx [M€ a
-1

] 0.43 0.43 0.42 0.43 0.43 0.43 1.25 1.23 1.23 1.23 1.23 1.22 

NPV [M€] 114.6 103.2 95.3 109.2 117.1 116.7 106.7 95.5 87.5 101.4 109.3 109.0 

LCOE [€ MWh
-1

] 88.4 99.3 106.9 93.6 86.1 89.5 95.9 106.5 115.8 100.9 93.4 95.6 

 
PIII PIV 

 

T1  T2 T3 T4 T5 T6 T1  T2 T3 T4 T5 T6 

Egg [MW] 13.7 13.7 11.2 13.7 13.7 16.2 12.4 12.4 10.2 12.4 12.4 14.7 

Residues[t] 28910 8031 8031 759 759 759 26164 7268 7268 687 687 687 

Win [MW] 0.71 0.71 0.85 0.76 0.78 0.88 0.64 0.64 0.77 0.69 0.71 0.80 

Qin [MW] 0.96 2.97 2.93 2.97 2.98 2.97 0.88 2.70 2.66 2.70 2.70 2.70 

CW [%] 0 0 100 115 100 72 0 0 100 113 100 72 

CQ [%] 0 0 30 60 51 31 0 0 31 60 51 30 

CapEx [M€] 36.7 36.7 40.14 47.6 40.5 48.3 33.7 33.7 36.9 43.7 37.2 44.5 

OpEx [M€ a
-1

] 4.9 6.0 4.5 4.4 4.3 5.6 4.5 5.5 4.1 4.0 3.9 5.1 

TrEx [M€ a
-1

] 1.33 1.32 1.32 1.33 1.33 1.33 1.59 1.58 1.58 1.58 1.58 1.58 

NPV [M€] 99.8 89.0 81.3 94.3 102 101.4 86.5 76.8 69.5 81.0 88.4 87.5 

LCOE [€ MWh
-1

] 97.5 108.3 118.2 103.1 95.4 97.5 102.2 112.8 124.1 108.2 100.1 101.9 

 
PV 

      

 

T1  T2 T3 T4 T5 T6 

      
Egg [MW] 10.9 10.9 8.8 10.9 10.9 12.9 

      
Residues[t] 22826 6341 6341 594 594 594 

      
Win [MW] 0.56 0.56 0.68 0.61 0.62 0.70 

      
Qin [MW] 0.77 2.36 2.32 2.36 2.36 2.36 

      
CW [%] 0.0 0.0 100.0 108.6 99.2 71.8 

      
CQ [%] 0.0% 0.0% 31.7 60.8 50.8 30.4 

      
CapEx [M€] 30.1 30.1 32.9 39.0 33.2 39.9 

      
OpEx [M€ a

-1
] 4.0 4.8 3.6 3.6 3.5 4.5 

      
TrEx [M€ a

-1
] 2.00 1.98 1.98 1.99 1.99 1.99 

      
NPV [M€] 69.4 61.0 54.3 63.9 70.9 69.5 

      
LCOE [€ MWh

-1
] 110.4 120.9 134.5 117.3 108.5 109.6 

       


