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Abstract:

 The combustion of peat for energy generation accounts for approximately 4.1% of Ireland’s overall greenhouse gas (GHG) emissions, with current levels of combustion resulting in the emission of 2.8 Mt of CO2 per annum. The aim of this research is to evaluate the life cycle environmental impacts of peat use for energy generation in Ireland, from peatland drainage and industrial extraction, to transportation, combustion, and subsequent after-use of the cutaway area, utilising Irish-specific emission factors. The environmental impacts considered are global warming potential, acidification potential, and eutrophication potential. In addition, the cumulative energy demand of the system is evaluated. Previous studies on the environmental impact of peat for energy in Ireland relied on default Intergovernmental Panel on Climate Change (IPCC) emission factors (EFs). This research utilises Irish-specific EFs and input data to reduce uncertainty associated with the use of default IPCC EFs, and finds that using default IPCC EFs overestimates the global warming potential when compared to Irish-specific EFs by approximately 2%. The greatest contribution to each of the environmental impacts considered arises from emissions generated during peat combustion, which accounts for approximately 95% of each of the environmental impact categories considered. Other stages of the life-cycle, such as impacts emanating from the peat extraction area, fossil fuel usage in harvesting and transportation machinery, and after-use of the cutaway area have much smaller effects on overall results. The transformation of cutaway peatlands to different after-use alternatives has the potential to mitigate some of the effects of peatland degradation and peat combustion.
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Highlights


	Environmental performance of peat energy generation in Ireland is analysed by LCA


	Peat combustion is the largest contributor to environmental impacts


	After-use of cutaway peatlands has potential to mitigate some of the impacts


	Use of default IPCC emission factors overestimates the global warming potential


	Peat energy generates higher GHG emissions over the life cycle than coal energy






1. Introduction

Ireland is one of the major producers of peat in the European Union, producing 2.8 Mt in 2009, second only to Finland with 9 Mt [1]. The combustion of peat for energy generation contributes significantly to Ireland’s greenhouse gas (GHG) emissions, with current levels of combustion resulting in the emission of approximately 2.7 Mt of CO2 per annum which is equivalent to 4.1% of Irelands overall GHG emissions [2]. The assessment of the environmental performance of the utilisation of peat for electricity generation in Ireland must be carried out from a life cycle perspective in order to achieve a number of aims: (1) to analyse the environmental performance of the utilisation of peat for energy generation in Ireland using country-specific emission factors and input data; (2) to assess the sensitivity of the results to these emission factors by comparison with default IPCC emission factors; (3) to compare the effects of the different after-use options for the cutaway peatland; and (4) to establish a reference scenario for the peat energy system to which other fossil fuel and bioenergy systems can be compared.


1.1. Peat Use for Energy in Ireland

In Ireland, peat is utilised in energy production and in the horticulture industry. There are currently three peat-fired power plants operating in Ireland: Edenderry, a 120 MWe rated bubbling fluidised bed plant, and two circulation fluidised bed plants, Lough Ree (100 MWe) and West Offaly (150 MWe). Together these power plants produce approximately 370 MWe which equates to 6.1% of Ireland’s total primary energy requirements [3]. Bord na Móna (BNM), a semi-state company which was established in 1946 to manage the peat harvesting activities, is the only producer of peat for energy production in Ireland and supplies peat to the three peat-fired power plants. BNM harvest approximately 4 Mt of milled peat over 20,000 ha of peatland annually. Approximately 3.1 Mt of this is used for energy generation with Edenderry utilising 1.0 Mt, Lough Ree using 0.9 Mt and West Offaly burning 1.2 Mt. The remainder of peat is used for BNM’s peat briquettes and garden compost which targets the domestic heating and horticultural sectors, respectively [2]. As of 2009, there were approximately 70 million tonnes of peat available for energy generation [4].



1.2. Peatlands and the Carbon Cycle


1.2.1. Pristine Peatlands

Peatlands in their natural state can act as a sink for atmospheric CO2 and are classed as pristine peatlands [5]. Persistent carbon sequestration by peatlands over the past 10,000 years has resulted in the accumulation of a significant carbon store of 250–450 Gt in the northern peatlands [6]. Overall, the carbon content of the world’s peatlands represents approximately one third of all terrestrial soil organic carbon (SOC), despite peatlands only covering 3% of the earth’s surface [7]. This persistent carbon sequestration has contributed to global cooling on the millennium scale [8] and, the continued function of peatlands as a carbon sink has important implications for the global carbon cycle [7]. Approximately 17% of the Irish landscape is covered in peatlands. These peatlands contain a significant store of carbon, estimated at 1502.6 MT of SOC, this represents 36% of total SOC stock in Ireland [9].

While pristine peatlands are generally a net carbon sink, CO2 emissions occur through root respiration and decomposition of both the acrotelm and catotelm [10]. In addition to this, pristine peatlands are a significant source of methane (CH4), accounting for approximately 23% of global emissions [11,12,13]. Since the post-glacial development of northern peatlands, the sequestration of atmospheric CO2 by these peatlands has been approximately balanced by the production of CH4 in the same time period [10].



1.2.2. Disturbed Peatlands

As discussed previously, a large proportion of Ireland’s land mass is covered by peatland. However, much of this peatland has been disturbed and degraded over the years due to land use change, with only 15% of peatland (approximately 180,000 hectares) remaining in its natural state [14]. The remainder has been subjected to large scale peat drainage and extraction for energy production and horticulture, severely degrading a large proportion of natural peatlands. The conversion of pristine peatland to a source of material for energy and horticulture alters the peat-forming function of the bog through drainage and removal of peat-forming vegetation [15]. These changes may have an impact on the natural position of peatland as a carbon sink in the global carbon cycle.

Peatlands have been drained for various uses including agriculture, forestry, and peat extraction for energy. CO2 emissions from drained peatlands can increase by 100%–400% when compared to pristine peatlands due to drainage and removal of vegetation [16]. However, CH4 emissions are subsequently reduced due to the reduction in the anoxic zone and the absence of peatland vegetation which can easily be degraded [17]. In fact, bare peatlands may result in a small uptake of CH4 from the bare peat surface; however, remaining drainage ditches may continue to be a significant CH4 source [18]. After harvesting of peat for energy ceases on a peatland, the remaining cutaway persists as a source of CO2 to the atmosphere as the residual peat continues to decompose. A number of factors affect the release of emissions from peat harvesting fields including the quality of the residual peat, the moisture of the surface peat, and the relative area, along with the duration of time the peat stockpiles remain on site [19].



1.2.3. Restored Peatlands

After peat extraction from a peatland has ceased, there remain several potential after-uses for the remaining cutaway area such as afforestation, re-wetting, and natural regeneration. There is considerable variability in the capacity of these after-uses to reduce carbon emissions from cutaway peatland and indeed return to a carbon sequestering state. Cutaway peatland restoration has been shown to reduce CO2 emissions [20], and even restore the carbon sequestration capacity compared to the original cutaway [21]. However, the return of anoxic conditions in the peatland results in an increase in CH4 flux, with 100 ha of restored wetlands emitting CH4 emissions of 105 tonnes of CO2-equivalents (CO2-eq) per year [22]. Restored peatlands are likely to contribute CH4 emissions of the same magnitude as natural peatlands [20]. Afforestation of cutaway peatlands is a promising option to reduce the climate impact of the bare peatland [15]. Research shows that afforestation can reduce CO2 emissions from the cutaway peatland, and in most cases can result in a return of the carbon sequestration function [15]. However, there can be considerable losses of soil carbon from the residual peat which continues to decompose [15,19]. In terms of CH4, afforested peatlands are likely to be a modest sink; however, considerable emissions are more likely from drainage ditches [22].




1.3. Life Cycle Assessment of Peat Use for Energy Generation

The spatial and temporal variability of peatlands in both their natural and degraded states complicate their study through a life cycle perspective. The results of life cycle assessment (LCA) studies on peatlands therefore strongly depend on the variation and uncertainty in the input data which reflect the inherent heterogeneity of peatlands. Some important areas of variation in LCA studies include different assumptions about reference scenario, inclusion of the area surrounding the extraction site, emission factors for peatlands and combustion, and the time horizon considered; see Table 1.

Table 1. Comparison of elements of LCA studies on peat use for energy generation.










	
	Lappi & Byrne [23]
	Grönroos et al. [26]
	Hagberg & Holmgren [24]
	Kirkinen & Minkinnen [25]
	Nilsson & Nilsson [28]





	Reference scenarios
	Not considered
	Pristine, forestry-drained, cultivated peatland
	Pristine, forestry-drained, cultivated peatland
	Pristine, forestry-drained, cultivated peatland
	Pristine, forestry-drained, cultivated peatland



	Surrounding area
	Not considered
	Minor for previously drained, 50% of extraction area for pristine
	Minor for previously drained, 50% of extraction area for pristine
	Not considered
	Equal to extraction area



	Peat extraction
	IPCC default emission factors (2004) –200 kg C ha−1·a−1, 0.1 kg N2O-N ha−1·a−1
	CO2: Extraction area: +960 g CO2 m−2·a−1; surrounding area: +629 g CO2 m−2·a−1

CH4: Extraction and surrounding area: +2.25 g CH4 m−2·a−1,

N2O: Extraction and surrounding area: +0.06 g N2O m−2·a−1
	CO2: Extraction and surrounding areas: Rise to +980 g CO2 m−2·a−1 over 2 years until end of extraction.

CH4: Extraction and surrounding areas: +3.7 g CH4 m−2·a−1 throughout.

N2O: Extraction area: Decrease to +0.1 g N2O m−2·a−1 by year 10 of extraction and increase again to +0.15 g m−2·a−1 by end of extraction. Surrounding area: decrease linearly during the first 5 years of extraction to +0.08 g N2O m−2·a−1.
	CO2: Extraction area: +6.84 g CO2 MJ−1; stockpile: 1.48 g CO2 MJ−1

CH4: +0.0039 g CH4 MJ−1
	CO2: Extraction area: +1000 g CO2 m−2·a−1. Surrounding area: +1000 g CO2 m−2·a−1 during drainage, 300 g CO2 m−2·a−1 during extraction.

CH4: 10% of the CH4 emissions for pristine peatlands in extraction area, 25% in the surrounding area (falling to zero by year 8 of extraction).

N2O: Extraction area: Decrease to +0.1 g N2O m−2·a−1 by 10 year of extraction, increase again to +0.15 g m−2·a−1 by end. Surrounding area: decrease linearly during first 5 years of extraction to +0.08 g N2O m−2·a−1.



	Combustion
	114940 kg CO2 TJ−1, 3 kg CH4 TJ−1, 7 kg N2O TJ−1
	105.9 g CO2 MJ−1, 0.0085 g CH4 MJ−1, 0.0128 g N2O MJ−1
	105.2 g CO2 MJ−1 with 99% oxidation factor 104.1 g CO2 MJ−1, 5 mg CH4 MJ−1, 6 mg N2O MJ−1
	105.9 g CO2 MJ−1, 8.5 mg CH4 MJ−1, 12.8 mg N2O MJ−1
	105.2 g CO2 MJ−1 with 99% oxidation factor 104.1 g CO2 MJ−1, 5 mg CH4 MJ−1, 6 mg N2O MJ−1



	Restoration
	Not considered
	CO2: −112 CO2 m−2·a−1,

CH4: 17 g CH4 m−2·a−1
	CO2: increases to −120 g CO2 m−2·a−1 in 5 years after restoration and remains at this level thereafter

CH4: +17 g CH4 m−2·a−1

N2O: insignificant
	CO2: −121.6 g CO2 m−2·a−1,

CH4: +22.6 g CH4 m−2·a−1,

N2O: insignificant
	CO2: −363 g CO2 m−2·a−1

CH4: rise from zero to the emission rate of pristine mire during first 20 years of restoration.

N2O: +20 mg N2O m−2·a−1.



	Residual peat
	Not considered
	CO2: begins at +1000 g CO2 m−2·a−1, exponentially decreases during first 85 years after which 50% of residual peat has decomposed. Slow release to 1200 g C m−2 at the end of period.
	CO2: begins at +1100 g CO2 m−2·a−1, exponentially decreases during first rotation, after which 50% of the residual peat has decomposed. Remaining peat decomposes slowly over the remaining period.
	Carbon content of 15,000 g C m−2 decreases to 1200 g C m−2 within 300 years.
	Extraction area: +1000 g CO2 m−2·a−1 for 22 years after extraction ceases then stops. Surrounding area: decomposition continues at 1000 g CO2 m−2·a−1 for first 5 years of afforestation and decreases to 367 g CO2 m−2·a−1 after 15 years.



	Afforestation
	Not considered
	CO2: (over 45 years) −413 g CO2 m−2·a−1 for forestry-drained peatlands, −716 g CO2 m−2·a−1 for cultivated peatlands and pristine fens.

Carbon accumulation in soil:

0–45 years: −297 g CO2 m−2·a−1

46–90 years: −149 g CO2 m−2·a−1

91–180 years: −59 g CO2 m−2·a−1

181–280 years: −20 g CO2 m−2· a−1

CH4: −0.05 g CH4 m−2·a−1
	CO2: (over 85 years) −820 g CO2 m−2·a−1 in biomass. At end of rotation, 80% of carbon in biomass is emitted immediately, the remaining 20% decomposes on site over next rotation period.

Carbon accumulation in humus:

−3.5 kg C m−2 by end of rotation period.

CH4 emissions negligible as for forestry-drained peatlands

N2O: decreases from +0.15 g N2O m−2·a−1 to +0.06 g N2O m−2·a−1 after 45 years, remaining at this level for rest of period.
	CO2: −448 g CO2 m−2·a−1 in biomass, −147 g CO2 m−2·a−1 in aboveground forest litter, −15 g CO2 m−2·a−1 belowground forest litter.
	CO2: −979 g m−2·a−1 in biomass.

Carbon accumulation in humus:

−183 g m−2·a−1 in nutrient rich areas (70 year rotation), and 81 g m−2·a−1 in nutrient poor sites (90 year rotation)

N2O: +0.08 g N2O m−2·a−1 for afforested area. For surrounding areas emissions decrease from +0.15 to +0.08 g N2O m−2·a−1 in 5 years after afforestation, falling to +0.06 g N2O m−2·a−1 after 22 years.

CH4 emissions are assumed to be negligible as for forestry-drained peatlands.





“−” sign indicates sink; “+” sign indicates source.





1.3.1. Reference Scenario

The state of the peatland prior to drainage and peat extraction represents the reference scenario to which peat for energy utilisation is compared. In Finland and Sweden, peatlands which have previously been drained for forestry or agriculture have subsequently been used for peat extraction. Only pristine peatlands have been used for peat harvesting in Ireland [23]. Pristine peatlands can act as a carbon sink, and their disturbance for energy peat extraction can result in significant increases in GHG emissions to the atmosphere. As such, the use of pristine peatlands for energy peat extraction has the highest climate impact of the initial peatland condition types [24], and is comparable to, or higher than, the climate impact of coal energy [25,26,27]. Forestry-drained peatlands have higher levels of GHG emissions compared to pristine peatlands due to increased levels of peat decomposition. As such, the use of forestry-drained peatlands is more beneficial than the use of pristine peatlands, but the greenhouse gas impact is similar to that of coal energy [24,25,26,27]. The scenario with the lowest climate impact is the use of peatlands drained for agriculture, as these peatland have high levels of GHG emissions in their current state [24,25,27].





1.3.2. System Boundary

The delineation of the system boundary is crucial in the comprehensiveness of LCA studies of peat energy systems, and the main consideration is whether to extend the boundary to the surrounding areas which are affected by peatland drainage but not part of the extraction area. LCA studies differ on the criteria for including the surrounding area, determining its spatial footprint, and the GHG flux in the area. Table 1 shows details regarding the differences between these LCA studies and contains information relevant to the following sections.



1.3.3. Peatland Emissions Factors

Greenhouse gas fluxes from peatlands across the various stages of peat extraction can vary depending on spatial and temporal variability, in addition to the nutrient status of the peatland. GHG fluxes occur from the peat fuel extraction area, stockpiles of harvested peat, and the surrounding peat area which has been affected by drainage. Emission factors are used to estimate the GHG fluxes from these peatland areas, with differing factors having an effect on overall LCA results. Previous research on peat use for energy in Ireland relies on general emissions factors from the IPCC to evaluate the climate impact of peat use for energy [23], due to a lack of Irish-specific emission factors available at the time. Similar research carried out in Finland and Sweden used country specific emission factors; see Table 1.



1.3.4. Combustion Emission Factors

Peat is the least carbon efficient fuel source when compared to other fossil fuels such as oil, natural gas or coal [23], and its combustion can emit over 90% of total CO2 emissions of the full peat energy chain [25]. As such, the accurate quantification of GHG emissions from peat combustion is important in achieving precise LCA results. The use of different combustion emission factors in different LCA studies can produce diverse results [23,25,28].



1.3.5. After-Use Options

Consideration of the GHG fluxes associated with different after-treatments of cutaway peatland areas is important in understanding the full impact of the entire peat-for-energy chain.


1.3.5.1. Restoration

Restoration of the cutaway peatland to a peat-forming system can result in the cessation of CO2 emissions from residual peat decomposition and can also reinstate the carbon sink function of the system. However, the reinstatement of a high water table in the restored peatland increases CH4 emissions. LCA studies make different assumptions on the rate of CO2 uptake and CH4 emission of the restored peatland; see Table 1.



1.3.5.2. Afforestation

Similarly to rewetted cutaway peatlands, afforested cutaways both emit and absorb greenhouse gases. GHG emissions from afforested cutaways primarily arise from decomposition of residual peat and soil emissions of N2O [24]. On the other hand, afforestation leads to carbon accumulation through growing biomass and results in carbon input to the soil both above and below ground. The consideration of both factors is an important factor in LCA studies of afforested cutaway peatlands; see Table 1.




1.3.6. Time Horizon

The time horizon over which the peat energy system is evaluated is important in determining the global warming potential of the system where the effects of long-term land-use change are considered [26]. A 300-year time period has been considered in some LCA studies [24,25,28]. However, Groonroos et al. (2012) noted that it may be misleading to use a time perspective longer than 100 years, as climate mitigation action is required in the near future, in less than 300 years. In addition to this, choosing a long time period is complicated by the fluxes to and from the system, which are dynamic and change further during a longer time span, and results therefore become increasingly uncertain over time. In practice, a time perspective over 100 years includes a great deal of uncertainty and the results are not recommended for decision making [27]. A 100-year time period is also used for GHG accounting under the Kyoto Protocol to the United Nations Framework Convention on Climate Change [29].





2. Materials and Methods

Life cycle assessment (LCA) is a tool which can be used to assess the environmental impacts and energy requirements of peat energy systems over the entire life cycle, from peat drainage and harvesting to combustion and subsequent after-use of degraded peatlands. The holistic nature of LCA allows the identification of points in the system of critical contributions to key environmental impacts.


2.1. Goal and Scope

The goal of this study is to evaluate the environmental impacts of the use of peat for energy generation in Ireland using Irish-specific emission factors. The research aims to improve on previous research on the greenhouse gas emissions of peat use for energy in Ireland, which used general IPCC emission factors, by utilising recently developed Irish-specific emission factors. In addition to this, other impact categories are assessed including acidification potential, eutrophication potential, and the energy requirements of the system. The reference scenario is peat conservation. The study represents a reference scenario of peat-fired power plants which can be compared to other fossil power plants and biomass co-firing systems in Ireland.

The functional unit of the system is defined as ‘1MWh of power produced at the power plant’. However, it is also important to compare the use of peatlands for energy production to the reference scenario, which is peatland conservation. In this case it is useful to compare based on area of peatland (ha).


2.1.1. System Description


2.1.1.1. Industrial Peat Extraction

The system diagram is outlined in Figure 1.

Figure 1. System diagram.
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In Ireland, only pristine peatlands have been used for industrial peat extraction. As a result, this study considers pristine peatland conservation the reference scenario to which the peat-for-energy chain is compared. The first step in the peat for energy chain is peatland drainage and preparation. Peat in an un-drained peatland has very high moisture content (MC), approximately 95%. In order to facilitate the use of heavy machinery during industrial peat extraction, drainage ditches are installed to reduce the MC to approximately 80% [18]. The drainage ditches are installed at 15 m intervals, each approximately 1 km in length. Depending on the hydrological status of the bog, the drainage period can last from 5 to 7 years [30]. Once the bog has been drained to the required moisture content, the surface layer of vegetation is removed and peat extraction can begin. Milling is the peat harvesting method carried out in Ireland, in which the top 10–15 cm of peat is broken into crumbs or “milled” using industrial machinery. The milled peat layer is inverted and dried on the surface to a moisture content of 45%–55% (with a corresponding energy content of approximately 7 GJ·t−1), before being harvested and formed into stockpiles which hold the peat from 10 peat harvesting fields [31]. The length of the harvesting period depends on the initial depth of the bog, the peat type and annual harvest rate, the presence or absence of timber, and the bog floor contours and the degree to which they may cause an early cessation of harvesting operations. It is assumed that an average Irish peatland used for industrial peat extraction has a depth of 6 m and MC of 94%. In this case, 1 ha of peatland contains 3600 dry tonnes of peat. It is assumed that 0.5 m of peat with an average MC of 90% will be remaining after peat extraction has ceased, which equates to 500 dry tonnes of peat left in the cutover. As such, 3100 dry tonnes of peat can be harvested from 1 ha of peatland. If an average of 180 tonnes at 55% MC is harvested per annum, the harvest period will be approximately 38 years. The peat is loaded from the stockpiles into narrow gauge railway wagons and transported to the power station, over a distance of 16 km, where it is combusted for electricity generation [31]. The ash remaining after peat combustion is transported approximately 4 km by train to landfill.

After harvesting has ceased, there are a number of after-treatment options which have the potential to be applied to the remaining cutaway area. The after-treatment options considered in this study include: 11,136 ha rewetted (nutrient poor), 10,320 rewetted (nutrient rich), 3356 ha afforested, and 11,114 naturally regenerated.

The time period considered in this study is 100 years. Peatland drainage and extraction lasts for approximately 44 years, as such after-use treatments have been applied for 56 years.



2.1.1.2. Peat Combustion

This study considers two peat-fired circulation fluidised bed power plants with a capacity of 100 MWe and 150 MWe, hereafter referred to as “plant 1” and “plant 2”, respectively. In 2013, plant 1 combusted approximately 18,620 dry tonnes of peat with a power plant output of 754,570 MWh and a cycle efficiency of 36.82%. Plant 2 combusted approximately 24,057 dry tonnes of peat and produced 1,010,179 MWh with a cycle efficiency of 35.99%.





2.2. Data Inventory

The input data for the LCA study is mainly composed of data specific to Irish conditions. Emission factors for peatlands in all stages of the life-cycle (pristine peatland, industrial extraction, and after-use) specific to Ireland are obtained from Wilson et al. [15], see Table 2. Wilson et al. [15] estimated emissions factors for Irish conditions based on carbon studies for the major peatland land uses in Ireland, and where Irish data was unavailable they utilised data from peatland carbon studies located within the temperate climate zone. Emission factors for dissolved organic carbon (DOC) were unavailable for Irish conditions, with the exception of natural peatlands, so default IPCC factors were used. The emission factors were applied for the different periods of the peatland life cycle, e.g. the emission factors for production fields (given in Table 2) were applied for the period of drainage and peat extraction, and the emission factors for the different after-uses were applied for the period after peat extraction had ceased, as described in the system description. Emission factors for peat combustion are obtained from the National Inventory Report for Ireland 2014 [32].


Table 2. Emission factors for different peat land use categories in Ireland [15,33].



	
Land Use Category

	
CO2 Flux Rates (tonnes CO2 ha−1·year−1)

	
CH4 Flux Rates (tonnes CH4 ha−1·year−1)

	
DOC flux Rates (tonnes C ha−1·year−1)






	
Natural peatlands

	
−0.42

	
0.05

	
0.26




	
Industrial peat extraction




	
Production fields

	
2.09

	
0.004

	
0.31a




	
Naturally regenerated cutaway

	
3.22

	
−0.007

	
0.24a




	
Rewetted cutaway, nutrient poor

	
−0.4

	
0.03

	
0.24a




	
Rewetted cutaway, nutrient rich

	
1.57

	
0.22

	
0.24a






a IPCC default emission factors due to lack of Irish data available.






Default emission factors from IPCC were used in the sensitivity analysis to determine the effects of different emission factors for peatlands on the overall results; see Table 3.


Table 3. IPCC Tier 2 default emission factors [33].



	
Land Use Category

	
CO2 Flux Rates (tonnes CO2 ha−1·year−1)

	
CH4 Flux Rates (tonnes CH4 ha−1·year−1)

	
DOC Flux Rates (tonnes C ha−1·year−1)

	
N2O-N Flux Rates (tonnes N2O-N ha−1·year−1)






	
Industrial peat extraction




	
Production fields

	
2.8

	
0.0061

	
0.31

	
0.0003




	
Rewetted cutaway, nutrient poor

	
−0.23

	
0.092

	
0.24

	
-




	
Rewetted cutaway, nutrient rich

	
0.5

	
0.216

	
0.24

	
-











Afforestation of cutaway peatlands has reached 3356 ha to date. Insufficient data is available to derive an Ireland-specific emission factor for the afforested peatlands [15]. Wilson, Müller et al. [15] adapted values from Duffy et al. [3] to estimate a carbon sink for afforested peatlands of 1.9 t C∙ha−1∙a−1. In this study the carbon balance of the afforested cutaway peatland area was estimated using CO2FIX [34,35]. CO2FIX is a stand-level modelling tool which quantifies the carbon stocks and fluxes in the forest biomass and soil. The model calculates the carbon balance with a time-step of one year and allows the long-term carbon balance of a forest ecosystem to be evaluated. The initial soil organic carbon content of the cutaway peatland is estimated to be 250 t∙C∙ha−1 based on the assumptions described previously that 0.5 m of peat with an average MC of 90% will be remaining after peat extraction has ceased, which equates to 500 t of peat left in the cutover. With a peat carbon content of 50%, this equates to 250 t C in the soil. The model is dependent on data from afforested sites in the Carbifor project [36]. The stand is harvested after 41 years, with thinning occurring every 4 years after the stand has reached the age of 19. The harvest produces three assortments: sawlog (>20 cm diameter), stakewood/palletwood (13–20 cm diameter), and pulpwood (7–13 cm diameter). It is assumed that pulpwood will be used for energy generation, and as such that carbon contained in the pulpwood is released to atmosphere in the same year as harvest. The sawlog and stakewood assortments are used in sawnwood production and represent a long term carbon store. One hundred years after afforestation, the soil carbon content has been reduced to approximately 186 t C ha−1, but carbon stored in standing biomass has reached approximately 183 t C∙ha−1. Taking into consideration the quantity of carbon stored in long term products, and the carbon released from the utilisation of pulpwood for bioenergy, the afforested cutaway peatland has accumulated 180 tonnes t C ha−1 over 100 years. This represents an annual carbon sink of 1.8 t C∙ha−1∙a−1. This value corresponds well with the carbon sink estimation of 1.9 t C∙ha−1∙a−1 for forested peatlands specified by Wilson, Müller et al. [15].

Data on the industrial peat harvesting process and peat reserves in Ireland was obtained from Bord na Mona [31].

Data concerning the emission of GHGs from diesel combustion in industrial peat extraction machinery and during transportation is based on Nilsson & Nilsson [28] and Uppenberg et al. [37]. The quantity of diesel is estimated to be 1.3% of the energy in extracted peat, and subsequent CO2 emissions are estimated as 1 g CO2∙MJ−1 of peat extracted [37]. CH4 emissions are estimated as 0.7 mg CH4∙MJ−1 of peat extracted, and N2O emissions are estimated as 0.025 mg N2O∙MJ−1 of peat extracted [28].

Data concerning peat combustion and additional resources required for power plant operation was sourced from the annual environmental reports of the plants included in the analysis [38,39].



2.3. Life Cycle Impact Assessment

The attributional LCA for peat use for energy generation in this case was carried out using the CML 2001 [40] method and ecoinvent [41] database. Several impacts important in the evaluation of energy systems were considered: acidification potential (AP), eutrophication potential (EP), and global warming potential (GWP). The cumulative energy demand (CED) is also evaluated, allowing the energy ratio (energy out versus energy in) of the system to be calculated. The term “energy ratio” is used to characterize relations between the energy input and output. Energy ratio is a ratio between the energy output and energy input according to the following equation;



ER = Eo/Ei








where,

	Eo—energy output,


	Ei—energy input,


	ER—energy ratio [42].







3. Results

The life cycle impacts of the use of peat for energy generation in Ireland are outlined in Table 4.

Table 4. Life cycle impacts of electricity production from peat combustion (per MWh).


	Impact Category
	Unit
	Power Plant 1 (100 MWe)
	Power Plant 2 (150 MWe)
	Average





	Global warming potential
	t CO2-eq
	1.15
	1.10
	1.12



	Acidification potential
	g SO2-eq
	278
	268
	273



	Eutrophication potential
	g PO4-eq
	21
	21
	21



	Cumulative energy demand
	MJ
	227
	219
	223










The life cycle includes impacts from peatland drainage and harvesting, transportation, peat combustion in the power plant, and after-use of the cutaway peatland. Emissions from the combustion of both peat and light fuel oil, which is used during start-up, account for approximately 95% of impacts contributing to GWP, AP and EP for both power plants. Industrial peat extraction, including emissions from harvesting and transportation machinery, and from the disturbed peatlands, accounts for approximately 3% of all environmental impacts considered. Emissions from the after-use of cutaway peatlands account for 2% of each of the environmental impacts considered. The use of light fuel oil in start-up accounts for 11% of overall energy demand in both cases, with peat harvesting and transportation accounting for approximately 89% of energy requirements. The global warming potential of peat use for energy generation ranges from 1.1–1.15 t CO2-eq MWh−1 depending on the power plant. Limestone is used to reduce sulphur oxides (SOx) emissions from peat combustion, with the quantity of limestone required depending on fuel quality. The production of limestone is an energy and GHG emission intensive process. Power plant 2 did not require the use of any limestone in 2013, thus lowering the global warming potential compared to power plant 1, which utilised approximately 157 t of limestone.

The average energy ratio of the peat-fired power plants considered is 16, i.e., for each MJ required to fuel the power plant, 16 MJ of energy is produced by the plant.

The global warming potential of the different after-use options considered for cutaway peatlands is shown in Figure 2.

Figure 2. Global warming potential of 1 hectare of peatland subjected to peat removal (and combustion) and subsequently treated to different after-use treatments.
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The results include emissions from the drainage and harvest of one hectare of peatland, with the harvested peat subsequently combusted for energy generation, and the remaining cutaway subject to after-use. Afforestation of the cutaway peatland results in a reduction in the soil carbon content of the remaining peatland due to decomposition; however, the increase in biomass results in a net carbon sink over a 100 year time horizon. Depending on the nutrient status of the cutaway, rewetting can result in a return in the carbon sink capacity of the bog, as in the case of the nutrient poor cutaway, or remain a carbon source as in the case of the nutrient-rich cutaway. Natural regeneration of the cutaway peatland results in a carbon source. Afforestation has the lowest global warming potential, followed by rewetting of nutrient poor cutaway, with natural regeneration and rewetting of nutrient-rich cutaway resulting in similar GHG emissions.

Figure 2 also shows the GWP of the rewetting scenarios when using default IPCC emission factors (given in Table 3) in place of the Irish-specific emission factors. The results show that using IPCC emission factors overestimates the GWP of both rewetting scenarios compared to the Irish-specific emission factors. When analysing the peat extraction phase in isolation, the use of default IPCC emission factors overestimates the global warming potential by 2% compared to the use of Irish-specific emission factors.

The conservation of pristine peatland results in GHG emissions of approximately 90 t CO2-eq∙ha−1 over a 100 year time horizon. The utilisation of 1 ha of peatland for industrial peat extraction and subsequent energy generation results in GHG emissions of 980,189 t CO2-eq over the same period including emissions from the peatland harvesting and after-use as well as combustion.



4. Discussion and Conclusions

The greatest contribution to each of the environmental impacts considered is from the emissions generated during peat combustion. Other stages of the life-cycle, such as emissions emanating from the peat extraction area and fossil fuel usage in harvesting and transportation machinery, have much smaller impacts. After-use treatments of the industrial cutaway areas also make a small contribution to overall impacts. The emission factors for the various states of peatland—pristine, managed for extraction, and subject to after-use—contain a large level of uncertainty [15]. However, the level of uncertainty relating to the emissions from peat combustion is low, and as combustion is the main contributor to each of the environmental impacts considered the overall uncertainty is low.

Consideration must be given to the reference land use; in this study it is considered to be pristine peatland, as this is the only type of peatland which has been used for peat extraction in Ireland. In this analysis the conservation of pristine peatland over a 100-year time period results in a small positive global warming potential. The peatland in its pristine state acts as a sink of atmospheric CO2, but the peatland is also a source of CH4. The global warming potential of CH4 is 21 times that of CO2 [43], and as such CH4 emissions from the peatland outweigh the benefits resulting from CO2 accumulation from the atmosphere. Drainage of pristine peatlands and extraction of peat for energy generation causes direct emissions from the degraded peatland but also indirect emissions from peat combustion. In this case, the small net GHG emissions from a pristine peatland are replaced with much larger emissions from both the peatland and from peat combustion.

The transformation of cutaway peatlands to different after-use alternatives has the potential to mitigate some of the effects of peatland degradation and peat combustion. The results show that afforestation of the cutaway results in the lowest global warming potential per hectare of peatland, as carbon accumulated in growing biomass compensates for the carbon lost from peat decomposition. Natural regeneration of the cutaway area results in the area remaining a source of carbon emissions over the time period considered. Rewetting nutrient-poor cutaway areas establishes a carbon sink, while rewetting nutrient rich cutaways results in a source of carbon to the atmosphere. The differences in the carbon sequestration ability of these two land uses can be attributed to differences in microsite composition following rewetting, hydrological conditions and time since rewetting. [15]

A sensitivity analysis was carried out to determine the effects of different emission factors for peatlands on the overall results. The results of this study show that using the default IPCC emission factors in place of Irish-specific emission factors results in an overestimation of the global warming potential. Similarly, Lappi and Byrne [23] estimated GHG emissions of 1.1 t CO2-eq∙MWh−1 over the life cycle of peat combustion using default IPCC emission factors, similar to the results of this study. However, they did not include emissions from the after-use of the cutaway peatlands.

This study represents a reference scenario to which other energy systems may be compared. The use of peat for energy generates more emissions than electricity generation from coal, estimated at 0.99 t CO2-eq∙MWh−1 for Irish conditions [44]. The global warming potential of electricity production from natural gas was estimated for conditions in Great Britain, as data is unavailable for Ireland [45]. The global warming potential of electricity produced from natural gas is 0.484 t CO2-eq∙MWh−1, considerably lower than the impacts estimated for peat electricity estimated in this study.

It should be noted that this study considers a time horizon of 100 years, and since it uses the CML (2001) method, it does not consider temporal variation in the inventory of emissions. Future research on the peat-for-energy system could make use of dynamic LCA methodology to determine the effects of the temporal variation of emissions in the peat for energy scenario and the peat conservation (reference) scenario. In addition, further research on peat for energy in Ireland should focus on the environmental impacts of the implementation of co-firing targets at the three peat-fired power plants, using indigenous biomass sources such as energy crops [46,47], forest residues [48], and co-products from the wood processing industry [49].

In conclusion, the aim of this study was to analyse the environmental impacts of peat utilisation for energy generation in Ireland using country-specific emission factors and input data. The different after-uses of cutaway peatlands in Ireland are compared to determine the global warming potentials of each alternative. The impacts on overall results of using Irish-specific emission factors to evaluate the global warming potential of the system is compared to the use of default IPCC emission factors. This research establishes a reference scenario for the peat energy chain to which other fossil fuel and bioenergy chains can be compared.






Acknowledgments

This study was funded under the Charles Parsons Energy Research Programme (Grant Number 6C/CP/E001) of Science Foundation Ireland (SFI).



Author Contributions

Fionnuala Murphy designed, conducted and analysed all research work presented in this paper. Kevin McDonnell and Ger Devlin provided structured oversight and direction to the research work.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
International Energy Agency. Statistics—Coal and peat by country/member. Available online: http://www.iea.org/stats/prodresult.asp?PRODUCT=Coal%20and%20Peat (accessed on 3 June 2014).

	2. 
Devlin, G.; Talbot, B. Deriving cooperative biomass resource transport supply strategies in meeting co-firing energy regulations: A case for peat and wood fibre in ireland. Appl. Energy 2014, 113, 1700–1709. [Google Scholar] [CrossRef]

	3. 
Duffy, P.; Hanley, E.; Hyde, B.; O’Brien, P.; Ponzi, J.; Cotter, E.; Black, K. Ireland—National Inventory Report 2013—Greenhouse Gas Emissions 1990–2011 Reported to the United Nations Framework Convention on Climate Change; Environmental Protection Agency: Wexford, Ireland, 2013.

	4. 
Tuohy, A.; Bazilian, M.; Doherty, R.; Gallachóir, B.Ó.; O’Malley, M. Burning peat in ireland: An electricity market dispatch perspective. Energy Policy 2009, 37, 3035–3042. [Google Scholar] [CrossRef]

	5. 
Holden, N.M.; Connolly, J. Estimating the carbon stock of a blanket peat region using a peat depth inference model. CATENA 2011, 86, 75–85. [Google Scholar] [CrossRef]

	6. 
Moore, T.R.; Bubier, J.L.; Frolking, S.E.; Lafleur, P.M.; Roulet, N.T. Plant biomass and production and CO2 exchange in an ombrotrophic bog. J. Ecol. 2002, 90, 25–36. [Google Scholar] [CrossRef]

	7. 
Connolly, C.; Holden, N. Identification, Mapping, Assessment and Quantification of the Effects of Disturbance on the Peat Soil Carbon Stock in Ireland; Environmental Protection Agency: Dublin, Ireland, 2013.

	8. 
Limpens, J.; Berendse, F.; Blodau, C.; Canadell, J.G.; Freeman, C.; Holden, J.; Roulet, N.; Rydin, H.; Schaepman-Strub, G. Peatlands and the carbon cycle: From local processes to global implications–A synthesis. Biogeosciences 2008, 5, 1475–1491. [Google Scholar] [CrossRef]

	9. 
Eaton, J.M.; McGoff, N.M.; Byrne, K.A.; Leahy, P.; Kiely, G. Land cover change and soil organic carbon stocks in the republic of ireland 1851–2000. Clim. Change 2008, 91, 317–334. [Google Scholar] [CrossRef]

	10. 
Moore, T.R.; Roulet, N.T.; Waddington, J.M. Uncertainty in predicting the effect of climatic change on the carbon cycling of canadian peatlands. Clim. Change 1998, 40, 229–245. [Google Scholar] [CrossRef]

	11. 
Fung, I.; John, J.; Lerner, J.; Matthews, E.; Prather, M.; Steele, L.P.; Fraser, P.J. Three-dimensional model synthesis of the global methane cycle. J. Geophys. Res.: Atmos. 1991, 96, 13033–13065. [Google Scholar] [CrossRef]

	12. 
Huttunen, J.T.; Nykänen, H.; Turunen, J.; Martikainen, P.J. Methane emissions from natural peatlands in the northern boreal zone in finland, fennoscandia. Atmos. Environ. 2003, 37, 147–151. [Google Scholar] [CrossRef]

	13. 
Nykänen, H.; Alm, J.; Silvola, J.; Tolonen, K.; Martikainen, P.J. Methane fluxes on boreal peatlands of different fertility and the effect of long-term experimental lowering of the water table on flux rates. Global Biogeochem. Cycles 1998, 12, 53–69. [Google Scholar] [CrossRef]

	14. 
Douglas, C.; Valverde, F.F.; Ryan, J. Peatland habitat conservation in ireland. In 13th International Peat Congress: After Wise Use—The Future of Peatlands; International Peat Society: Tullamore, Ireland, 2008; pp. 681–685. [Google Scholar]

	15. 
Wilson, D.; Müller, C.; Renou-Wilson, F. Carbon emissions and removals from irish peatlands: Present trends and future mitigation measures. Irish Geogr. 2013, 46, 1–23. [Google Scholar] [CrossRef]

	16. 
Waddington, J.M.; Warner, K.D.; Kennedy, G.W. Cutover peatlands: A persistent source of atmospheric CO2. Global Biogeochem. Cycles 2002, 16, 1–7. [Google Scholar] [CrossRef]

	17. 
Wilson, D.; Farrell, E.P. Carbal: Carbon Gas Balances in Industrial Cutaway Peatlands in Ireland. Final Report for Bord na Mona; Forest Ecosystem Research Group, University College Dublin: Dublin, Ireland, 2007. [Google Scholar]

	18. 
Renou-Wilson, F.; Bolger, T.; Bullock, C.; Convery, F.; Curry, J.; Ward, S.; Wilson, D.; Müller, C. Bogland: Sustainable Management of Peatlannds in Ireland; Environmental Protection Agency: Dublin, Ireland, 2011.

	19. 
Alm, J.; Shurpali, N.J.; Minkinnen, K.; Aro, L.; Hytönen, J.; Laurila, T.; Lohila, A.; Maljanen, M.; Martikainen, P.J.; Mäkiranta, P.; et al. Emission factors and their uncertainty for the exchange of CO2, CH4, and N2O in finnish managed peatlands. Boreal Environ. Res. 2007, 12, 191–209. [Google Scholar]

	20. 
Waddington, J.M.; Day, S.M. Methane emissions from a peatland following restoration. J. Geophys. Res.: Biogeosci. 2007, 112, G03018. [Google Scholar] [CrossRef]

	21. 
Wilson, D.; Farrell, C.; Mueller, C.; Hepp, S.; Renou-Wilson, F. Rewetted industrial cutaway peatlands in western ireland: A prime location for climate change mitigation? Mires Peat 2013, 11, 1–22. [Google Scholar]

	22. 
Wilson, D.; Alm, J.; Laine, J.; Byrne, K.A.; Farrell, E.P.; Tuittila, E.-S. Rewetting of cutaway peatlands: Are we re-creating hot spots of methane emissions? Restor. Ecol. 2009, 17, 796–806. [Google Scholar] [CrossRef]

	23. 
Lappi, S.; Byrne, K.A. Iea Bioenergy Task 38—Case Study. Greenhouse Gas Budgets of Peat Use of Energy in Ireland; Forest Ecosystem Research Group, Department of Environmental Resource Management, University College: Dublin, Ireland, 2003. [Google Scholar]

	24. 
Hagberg, L.; Holmgren, K. Assessment of the Climate Impact of Future Climate Adjusted Peat Production and Utilisation from a Life Cycle Perspective; IVL Swedish Environmental Research Institute Ltd.: Stockholm, Sweden, 2008. [Google Scholar]

	25. 
Kirkinen, J.; Minkinnen, K.; Penttilä, T.; Kojola, S.; Sievänen, R.; Alm, J.; Saarnio, S.; Silvan, N.; Laine, J.; Savolainen, I. Greenhouse impact due to different peat fuel utilisation chains in finland- a life-cycle approach. Boreal Environ. Res. 2007, 12, 211–223. [Google Scholar]

	26. 
Grönroos, J.; Seppälä, J.; Koskela, S.; Kilpeläinen, A.; Leskinen, P.; Holma, A.; Tuovinen, J.-P.; Turunen, J.; Lind, S.; Maljanen, M.; et al. Life-cycle climate impacts of peat fuel: Calculation methods and methodological challenges. Int. J. Life Cycle Assess. 2013, 18, 567–576. [Google Scholar] [CrossRef]

	27. 
Seppälä, J.; Grönroos, J.; Koskela, S.; Holma, A.; Leskinen, P.; Liski, J.; Tuovinen, J.-P.; Laurila, T.; Turunen, J.; Lind, S.; et al. Climate Impacts of Peat Fuel Utilization Chains—A Critical Review of the Finnish and Swedish Life Cycle Assessments; The Finnish Environment 16/2010; Finnish Environment Institute: Helsinki, Finland, 2010. [Google Scholar]

	28. 
Nilsson, K.; Nilsson, M. The Climate Impact of Energy Peat Utilisation in Sweden—The Effect of Former Land-Use and Aftertreatment; IVL Swedish Environmental Research Institute: Stockholm, Sweden, 2004. [Google Scholar]

	29. 
Cleary, J.; Roulet, N.T.; Moore, T.R. Greenhouse gas emissions from canadian peat extraction, 1990–2000: A life-cycle analysis. Ambio 2005, 34, 456–461. [Google Scholar] [PubMed]

	30. 
BNM Representative. Personal communication, 2014.

	31. 
Bord na Mona. Milled peat harvesting. Available online: http://www.bordnamona.ie/our-company/our-businesses/feedstock/peat/peat-harvesting/ (accessed on 22 May 2014).

	32. 
Duffy, P.; Hanley, E.; Hyde, B.; O’Brien, P.; Ponzi, J.; Cotter, E.; Black, K. Ireland—National Inventory Report 2014—Greenhouse Gas Emissions 1990–2012 Reported to the United Nations Framework Convention on Climate Change; Environmental Protection Agency: Dublin, Ireland, 2014.

	33. 
IPCC. 2013 Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories: Wetlands; The Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2014. [Google Scholar]

	34. 
Schelhaas, M.J.; van Esch, P.W.; Groen, T.A.; de Jong, B.H.J.; Kanninen, M.; Liski, J.; Masera, O.; Mohren, G.M.J.; Nabuurs, G.J.; Palosuo, T.; et al. Co2fix v 3.1–A Modelling Framework for Quantifying Carbon Sequestration in Forest Ecosystems; ALTERRA: Wageningen, The Netherlands, 2004. [Google Scholar]

	35. 
Masera, O.R.; Garza-Caligaris, J.F.; Kanninen, M.; Karjalainen, T.; Liski, J.; Nabuurs, G.J.; Pussinen, A.; de Jong, B.H.J. Modeling carbon sequestration in afforestation, agroforestry and forest management projects: The co2fix v.2 approach. Ecol. Model. 2003, 164, 177–199. [Google Scholar] [CrossRef]

	36. 
Tobin, B.; Nieuwenhuis, M. Biomass expansion factors for Sitka spruce (Picea sitchensis (Bong.) Carr.) in Ireland. Eur. J. For. Res. 2007, 126, 189–196. [Google Scholar] [CrossRef]

	37. 
Uppenberg, S.; Zetterberg, L.; Åhman, M. Climate Impact from Peat Utilisation in Sweden; IVL Swedish Environmental Research Institute Ltd.: Stockholm, Sweden, 2001. [Google Scholar]

	38. 
Spellissy, F. West Offaly Power Annual Environmental Report 2013; Environmental Protection Agency: Dublin, Ireland, 2014.

	39. 
Spellissy, F. Lough Ree Power Annual Environmental Report 2013; Environmental Protection Agency: Dublin, Ireland, 2014.

	40. 
Guinée, J.B.; Gorrée, M.; Heijungs, R.; Huppes, G.; Kleijn, R.; de Koning, A.; Van Oers, L.; Wegener Sleeswijk, A.; Suh, S.; Udo de Haes, H.A.; et al. Handbook on Life Cycle Assessment. Operational Guide to the ISO Standards. I: Lca in Perspective. Iia: Guide. Iib: Operational Annex. Iii: Scientific Background; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002; p. 692. [Google Scholar]

	41. 
Frischknecht, R.; Jungbluth, N.; Althaus, H.-J.; Bauer, C.; Doka, G.; Dones, R.; Hischier, R.; Hellweg, S.; Humbert, S.; Köllner, T.; et al. Implementation of Life Cycle Impact Assessment Methods. Final Report Ecoinvent v2.0 no.3; Swiss Centre for Life Cycle Inventories: Dübendorf, The Netherlands, 2007. [Google Scholar]

	42. 
Klvac, R. Pure energy ratio of logging residua processing. In Proceedings of the FORMEC—44th International Symposium on Forestry Mechanisation, Graz, Austria, 9–13 October 2011.

	43. 
Guinée, J.; Gorrée, M.; Heijungs, R.; Huppes, G.; Kleijn, R.; de Koning, A.; van Oers, L.; Wegener Sleeswijk, A.; Suh, S.; Udo de Haes, H.; et al. Handbook on Life Cycle Assessment. Operational Guide to the ISO Standards; Springer: Dordrecht, The Netherlands, 2002. [Google Scholar]

	44. 
Styles, D.; Jones, M.B. Energy Crops in Ireland: An Assessment of Their Potential Contribution to Sustainable Agriculture, Electricity and Heat Production (2004-sd-ds-17-m2) Final Report-Environmental rtdi Programme 2000–2006; Environmental Protection Agency: Wexford, Ireland, 2007.

	45. 
Faist Emmenegger, M.; Heck, T.; Jungbluth, N.; Tuchschmid, M. Erdgas; Paul Scherrer Institut Villigen, Swiss Centre for Life Cycle Inventories: Dübendorf, Switzerland, 2007. [Google Scholar]

	46. 
Murphy, F.; Devlin, G.; McDonnell, K. Miscanthus production and processing in ireland: An analysis of energy requirements and environmental impacts. Renew. Sustain. Energy Rev. 2013, 23, 412–420. [Google Scholar] [CrossRef]

	47. 
Murphy, F.; Devlin, G.; McDonnell, K. Energy requirements and environmental impacts associated with the production of short rotation willow (Salix sp.) chip in Ireland. GCB Bioenergy 2014, 6, 727–739. [Google Scholar] [CrossRef]

	48. 
Murphy, F.; Devlin, G.; McDonnell, K. Forest biomass supply chains in ireland: A life cycle assessment of ghg emissions and primary energy balances. Appl. Energy 2014, 116, 1–8. [Google Scholar] [CrossRef]

	49. 
Murphy, F.; Devlin, G.; McDonnell, K. Greenhouse gas and energy based life cycle analysis of products from the irish wood processing industry. J. Clean. Prod. 2015, 92, 134–141. [Google Scholar] [CrossRef]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  sustainability-07-06376


  
    		
      sustainability-07-06376
    


  




  





media/file0.png





media/file1.png
Pristine Peatland






media/file2.png
ission

M Irish-specific em

factors
m IPCC default em

ission

g

g288

o
(baz0d

8

~

:

T

288

NN
Y

T
8
o
n

|euajod Fujwiem jeqojo

factors






