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h i g h l i g h t s

� Optimal grid injection sites of biomethane plants processing wastes were identified.
� Approximately 8% of industrial gas use could be supplied by biomethane from waste.
� Household waste was optimised at 2 large (200 GWh/a) or 6 medium (50 GWh/a) plants.
� An incentive range of 35–106 €/MWh facilitated 6–22 plants producing 1.0–3.4 PJ/a.
� Five 50 GWh/a household waste facilities could heat 16,825 households at 0.1 €/kW hth.
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a b s t r a c t

This work determined the optimal locations for biomethane injection, from Centralised Anaerobic
Digestion (CAD) facilities processing wastes, into the Irish gas network. The effects of incentives and plant
size on; the sites selected, biomethane production, and feedstock utilisation, were assessed while max-
imising plant profitability. The first facilities to be constructed process household organic waste and were
located in regions where this resource was highest. The number of viable facilities was dependent on the
available incentives and ranged from 6 plants producing 0.53% of final Irish thermal energy use, to 22
plants producing 1.8% of final thermal energy use. The model proposed two facilities that processed
household organic waste at a maximum size of 200 GWh/a or 6 at a maximum size of 50 GWh/a.
Increasing maximum allowable plant size reduced the overall total number of viable plants from 22 to
18, increased the total production of biomethane by 11%, but also increased the levelised cost of energy.
Approximately 1.8% of final thermal energy use could be met by 22 plants with a maximum size of
50 GWh/a, or 2% of final thermal energy use from 18 plants with a maximum size of 200 GWh/a. The bio-
methane from these plants is equivalent to 7.2%, and 8% of total industrial natural gas consumption in
2013/2014.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Renewable energy and green gas

Total final consumption (TFC) of energy in Ireland in 2013
amounted to 453 PJ of which thermal energy production accounted
for 187 PJ; of this 95% was sourced from imported coal, gas and oil
[1]. The annual gas system demand in Ireland from October 2013
to October 2014 was 163 PJ, comprising of 91 PJ of power genera-

tion, 47 PJ of industrial and commercial use, and 24 PJ of residential
customer use [2]. Use of natural gas as a source of vehicle fuel is
limited in Ireland. Gas Networks Ireland (GNI), the owner and
operator of the gas network, aim to facilitate 20% gas supply (esti-
mated at 39.7 PJ personal communication with GNI) from sustain-
able gas sources (such as biomethane) by 2030. This is equivalent
to a consumption of 21% of thermal TFC in 2013.

Ireland must ensure that 16% of the gross final consumption of
energy in 2020 is sourced from renewables [3] with an indigenous
target of supplying 12% of thermal TFC from renewable sources [4].
EU states must ensure that 10% of the energy used in transport be
renewable by 2020. Biofuels sourced from cereal and starch rich
crops, sugar and oil crops, are limited to 7% of transport energy
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in member states in 2020 [5]. Second generation biofuels (originat-
ing from wastes and non-food sources) and third generation biofu-
els (algae) are allocated double their contribution in terms of
energy content to promote their development and use for the pur-
poses of the 2020 RES-T target, however these weightings are not
applied in calculating progress toward the national RES target of
16%.

The Biofuels Obligation Scheme requires that 6 out of every
100 L of road transport fuel be a biofuel in Ireland [6]. Gaseous bio-
fuels with a net energy value greater than 35 MJ/Nm3 benefit from
a gas to liquid conversion factor of 1.5, as decided by the National
Oil Reserve Agency (NORA). Biofuel obligation certificates (BOCs)
are issued to transport fuel suppliers and consumers for each litre
of biofuel dispensed by the biofuel obligation account holder. Two
BOCs are issued for each litre of biofuel produced from second or
third generation substrates. Thus a cubic meter of gaseous biofuel
produced from these feedstocks is eligible for 3 BOCs [7].

Seven European gas network operators have committed to sup-
plying 100% carbon neutral gas by 2050 [8]. GNI aim to achieve 20%
renewable gas in the gas network by 2030, estimated at 39.7 PJ.
The technology for producing renewable gas is mature, in particu-
lar anaerobic digestion (AD) of organic matter to produce biogas,
which has been identified as a key pathway in achieving these
goals. Biogas is comprised of primarily methane and carbon diox-
ide. After upgrading (removal of CO2 and other impurities), com-
pression, and injection of methane into the natural gas network,
it can be used in heating, power generation, or as a transport fuel.
Over 8000 AD facilities are currently operating in Germany as of
2014 [9]. As of the first half of 2014, 151 German plants were
injecting biomethane (renewable gas) into the grid.

1.2. Literature on logistics of green gas industry

The literature is sparse on investigation of the optimal locations
for biomethane production plants. Smyth et al. using GIS and
multi-criteria decision analysis, determined potential locations
for biomethane production from grass silage and cattle slurry,
although financial aspects were not considered [10]. Gallagher
et al. analysed the potential of biomethane production from the
gasification of willow woodchip in Ireland [11]. The analysis con-
sidered differing plant sizes and suitable land areas around plant
locations, amongst other aspects. The work did not assess sites in
terms of their financial viability.

Internationally, few studies have accounted for the effect of
plant size, feedstock availability and location, and policy support
schemes on the optimal deployment of biomethane to grid sys-
tems. Höhn et al. carried out work in which the spatial distribution
and amount of biomass feedstock for biomethane production, the
optimal location, number, and size of biomethane plants were
investigated [12]. The optimal number and location of plants was
found so as to minimise the total weighted transportation cost of
biomass feedstock from source points to the selected plants [12].
The analysis did not consider the financial viability of plants. Chi-
nese et al. analysed the impact of changing support mechanisms
on the optimal plant size, feedstock mix, and annual revenue by
using a spatially explicit biogas supply chain model [13]. Different
scenarios with cost minimisation and profit maximisation were
assessed. The study was designed for electricity production from
biogas, as opposed to biomethane production for use as transport
fuel. Bojesen et al. assessed competition for feedstock between
existing, planned, and proposed AD facilities using a location allo-
cation model and a spatial interaction model [14]. The study deter-
mined the optimal location of 10 new AD facilities digesting animal
slurries whilst minimising the weighted transportation distance
between sources of slurry and potential AD sites. Financial viability
of plants was not assessed.

1.3. Objectives

The aim of this work is to determine the optimal injection
points for large centralised anaerobic digestion (CAD) facilities
which process waste feedstocks, under a number of scenarios of
plant size and incentive. The intention is to highlight the impact
of varying incentive levels and maximum allowable plant sizes
on the total production of biomethane and the utilisation of the
total theoretical resource of each waste stream. A detailed analysis
is carried out in which the build order of plants, the utilisation of
feedstock, the collection radius of feedstock, and the impact of
plant size are assessed. This work is intended to inform policy mak-
ers, planners, and researchers in the field of biomethane produc-
tion of a methodology to determine suitable locations for
biomethane to grid facilities. The methodology developed herein
was applied to a study region, Ireland, to showcase its implemen-
tation and provide some assessment of the results. The methodol-
ogy developed in this work is intended to be applicable
internationally.

2. Methodology

2.1. Potential locations of large scale AD facilities with grid injection of
biomethane

Analysis of the gas grid in Ireland undertaken with GNI identi-
fied 42 locations for the construction of potential CAD facilities
with biomethane injection to the gas network. These locations
were digitized into a GIS using QGIS (see Fig. 1) to determine the
distance between the potential plant locations and the sources of
waste to be used by the plants. Table A (supplementary data)
details the names and plant numbers for potential injection points.

2.2. Feedstock locations and quantities

The wastes analysed in this work were; cattle slurry, sheep
manure, chicken manure, pig slurry, slaughterhouse waste, milk
processing waste, and source separated household organic waste.
Data on the location of waste streams, their associated tonnage,
and biomethane potential were sourced from O’Shea et al. [15].
Table B (Supplementary Data) summarises the properties of feed-
stocks and the total theoretical resource of biomethane from each
waste stream.

2.3. Transportation costs

Transportation of feedstock to AD facilities can incur a signifi-
cant cost, up to 30% of the total production cost of biogas [14].
Transportation costs were calculated using the specific energy con-
sumption of moving 1t a distance of 1 km by heavy good vehicle
(HGV) in Ireland in 2013. The total HGV tonne kilometres (t km)
in 2013 were 9,138 M t km, total energy consumption of HGVs
was 24.3 PJ [1], yielding a specific energy consumption of
2.66 MJ/t km. This was similar to values specified in Berglund
et al. of 1.5–2.3 MJ/t km [16]. Thus, 0.74 L diesel was required to
move 1 t a distance of 1 km (energy content of 36 MJ/L diesel), at
1.51 €/L diesel (average cost of diesel in 2013 [17]), giving a cost
of 0.112 €/t km. The Euclidian distance between waste sources
and potential facility locations was determined using QGIS, this
was multiplied by a tortuosity factor of

p
2 in order to take into

account the winding nature of rural roads [10]. The cost of trans-
portation of the feedstock from its source to the AD facility was
assumed to be covered by the AD facility owners.

The transportation costs for cattle slurries and sheep manure
included the cost of digestate return to the areas from which the
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