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Abstract

:

Photovoltaic (PV) power generation is one of the cleanest sources for producing renewable energy; however uptake on the Irish renewable energy market to date has been low. There is a lack of support for solar PV systems in Ireland; there is currently no solar PV energy feed-in-tariff as there are for other renewable energy systems in Ireland. Despite the current lack of support, the Government has indicated that support for the uptake of solar PV installations will be provided through the provision of a feed-in tariff in the future. The aim of this study was to determine the feasibility of installing PV systems under Irish climatic conditions at a location based in Dublin, Ireland, from a technical, environmental and economic point of view. This was achieved by carrying out a life cycle assessment of potential environmental impacts, and analysis of energy and economic payback times relating to the proposed PV system. Four possible renewable feed-in-tariffs (based on existing feed-in-tariffs for other renewable energy systems) were considered to determine the effect of such tariffs on the overall economics of the proposed PV system. Results show that life cycle GHG emissions are 69 g CO2-eq per kWh generated by the system, significantly lower than the current electricity grid mix emissions of 469 g CO2-eq per kWh. It will take 5.23 years of operation of the solar plant to generate the same amount of energy (in terms of primary energy equivalent) that was used to produce the system itself. The economic payback time varies from 19.3 and 34.4 years depending on the rate of renewable energy feed-in-tariff applied. The costs for the production of PV electricity in this study are higher than is usual in countries where the solar PV market is more developed, e.g., Germany, due to constraints with building integration and lack of experienced PV installers. As more PV is deployed, the Irish PV installer base will increase and ‘learning by doing’ effects will allow installers to install projects more efficiently and quickly under Irish conditions, leading to significantly reduced costs.
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1. Introduction


Ireland has minimal indigenous fossil energy resources and as an island is heavily dependent on fossil fuel imports. In addition, fossil fuels (oil, natural gas, coal and peat) accounted for 91.4% of the total primary energy requirement for electricity in 2014, and heat generation is dominated by fossil fuels; natural gas, oil, coal and peat [1]. The combustion of such fossil fuels in energy generation is a major contributor to greenhouse gas emissions (GHG) in Ireland, accounting for 63.3% (37.06 Mt CO2-eq) of total national greenhouse gas emissions in 2012 [2]. Ireland is committed, under the European Union (EU) Renewable Energy Directive (RED) 2009/28/EC, to reduce greenhouse gas emissions and to develop alternative energy sources to reduce dependence on finite fossil fuel resources [3]. Under this Directive, Ireland’s specific mandatory renewable energy target is 16%, driving the need to develop indigenous renewable energy resources. The National Renewable Energy Action Plan (NREAP) set a target of 40% electricity consumption target from renewables by 2020 [4], with latest data showing a rate of 22.7% (5479 GWh) was achieved in 2014 [1]. The majority of renewable energy in Ireland is generated by wind, accounting for 71% of the renewable electricity contribution, with hydro energy accounted for 11%, and biomass accounting for 8% in 2014 [1]. The majority of the electricity from biomass is generated by co-firing with peat, to offset peat combustion. Peat combustion produces large volumes of CO2 directly but also indirectly reduces the carbon budget of indigenous peatlands [5]. The uptake of solar power generation in the Irish renewable energy market to date has been low, accounting for less than 0.3% of total electricity generated in 2012 [6]. Ireland is currently on track to meet the national renewable electricity target of 40%, but is currently behind schedule in meeting the renewable heat target [7]. This has implications for meeting the binding 16% renewable energy target; the Sustainable Energy Authority of Ireland (SEAI) has estimated that the cost to Ireland may be in the range of €100 million to €150 million for each percentage point Ireland falls short of the overall 16% renewable energy target (Dáil Éireann Debates (Unrevised), Written Answer No. 597 ‘Renewable Energy Generation Targets’ (1 December 2015)).



This study determined the feasibility of installing photovoltaic (PV) systems under Irish climatic conditions at a location based in Dublin, Ireland from a technical, environmental and economic point of view. Specific objectives were to:

	
Review the planning requirements regarding the installation of restrictions on the size of PV systems in Ireland,



	
Evaluate potential energy generation by PV in Dublin and determine the technical feasible size of installation relative to existing roof space,



	
Evaluate the energy and economic payback times relating to the proposed solar PV installation at different renewable energy feed-in tariffs,



	
Evaluate the potential environmental impacts of the proposed solar PV installation.








1.1. Current Status of Solar Energy Systems in Ireland


There are few grid connected photovoltaic (PV) installations in Ireland. While there exists some standalone commercial and domestic installations, statistics are not available for the installed capacity. There were 49 micro-generation grid connected PV installations connected at the end of 2012, with a total installed capacity of 151 kW [6]. This figure currently stands at 181 kWp (kW peak) (78 systems). Small capacity solar PV systems are preferred by householders, with 81% of solar systems to-date having a capacity of less than or equal to 3 kWp [8].



1.1.1. Solar PV Potential in Ireland


Ireland receives between 1100 and 1600 h of sunshine each year [9]. Sunshine levels are highest in the summer months, May and June, when sunshine duration averages between 5 and 6.5 h per day over most of the country. December is the dullest month, with average daily sunshine levels ranging from approximately 1 h in the north to nearly 2 h in the extreme southeast. Sunshine hours vary through the length of the country, with the extreme south-east receiving most sunshine, averaging over 7 h a day in early summer. On average, most areas in Ireland get an average of between 3.25 and 3.75 h of sunshine each day over the course of the year. Ireland is completely covered by cloud for well over 50% of the time; as such this affects the level of energy arriving at the surface compared to the energy arriving at the top of the atmosphere. It requires an unusually fine, sunny day with good visibility to get 75% of this incoming daily total to be received at the earth’s surface. On days with no sun, the surface receives on average 20% to 25% of the energy arriving at the top of the atmosphere. The percentage of the energy arriving at the top of the atmosphere, which reaches the surface, has a mean value of 40% to 47% during the months March to September and 30% to 37% during the months October to February [9].



Figure 1 shows the global irradiation, photovoltaic solar electricity potential in Europe per year. Southern European countries receive the highest levels of solar radiation, while Ireland is at the lower end receiving 900–1300 kWh/m2. This can be compared to two locations in Europe where two of the largest PV installations in the world are currently operating; Moura, Portugal which receives 5830 kWh/m2, and Leipzig, Germany which receives 3440 kWh/m2 [10]. Since 2008, a 46 MW photovoltaic solar plant, covering 250 hectares has been operational near Moura. The cells are silicon microcrystalline technology and the modules are equipped with solar trackers which follow the sun across the sky to optimise energy capture [11]. The 52 MW PV plant, covering 220 hectares, near Leipzig is equipped with cadmium telluride (CdTe) thin film modules [12]. Ireland receives 15%–22% of the global irradiation of Moura, and 26%–38% of the global irradiation of Leipzig.



Figure 2 shows the solar electricity potential for Ireland, for optimally inclined modules. It can be seen that the east coast south of Dublin has the potential to produce approximately 900 to 1050 kWh/m2/year.




1.1.2. Site Requirements and Planning Permission


A number of site requirements must be taken into consideration when designing a solar PV array to ensure maximum power generation. Generally speaking, the more solar radiation and the more uniform the solar radiation (less solar diffusion) is on the solar panels, the greater the electricity generated. The levels of solar insolation received at the location are of great importance, as Figure 2 shows this varies across the country. Ideally the PV mounting position is due south, however some flexibility is possible, for example if it is within ±20° of due south this will permit collection of about 95% or more of the energy available at a variety of tilt angles[14].



The site should not be overshadowed by and obstacles which could prevent sunlight getting to the system and reducing its functionality. Shading of the solar arrays by buildings, trees, hills or even by other solar arrays should be minimised as this reduces the electrical output [14]. To prevent over-shadowing between the row of solar arrays, rows should be kept at a minimum of 4.8 m apart [15].



Installing a solar PV system in Ireland is usually subject to planning permission. However, the installation of these systems may be exempt from planning permission if installed under certain conditions [8]. These exemption conditions are stated in the Irish government report Planning and Development Regulations 2007 produced by the Department of Environment, Heritage and Local Government in January 2007 [16], and are stated for solar panels as;

	
The total aperture area of any such panel, taken together with any other such panel previously placed on or within the said curtilage, shall not exceed 12 square metres or 50% of the total roof area, whichever is the lesser.



	
The distance between the plane of the wall or a pitched roof and the panel shall not exceed 15 cm.



	
The distance between the plane of a flat roof and the panel shall not exceed 50 cm.



	
The solar panel shall be a minimum of 50 cm from any edge of the wall or roof on which it is mounted.



	
The height of a free-standing solar array shall not exceed 2 m, at its highest point, above ground level.



	
A free-standing solar array shall not be placed on or forward of the front wall of a house.



	
The erection of any free standing solar array shall not reduce the area of private open space, reserved exclusively for the use of the occupants of the house, to the rear or to the side of the house to less than 25 square metres.









1.1.3. Support Measures


Feed-in-tariff schemes are the most popular supports for grid-connected PV systems in Europe, with the most successful systems operating in Germany and Italy [17]. A Renewable Energy Feed-In-Tariff (REFIT) is a policy mechanism aimed at encouraging investment in renewable energy systems by offering long-term contracts to renewable energy producers. REFIT is designed to provide price certainty to renewable electricity generators. It operates on a sliding scale, acting to ensure a guaranteed price for each unit of electricity exported to the grid by paying the difference between the wholesale price for electricity and the REFIT price. Solar PV systems are not currently supported under the REFIT programme in Ireland. The scheme supports wind, hydro and biomass energy [18]. Despite the current lack of support, the Government has indicated that support for the uptake of solar PV installations will be provided through the provision of a feed-in tariff rather than through grant aid in the future [6]. The intention to provide such a tariff is stated in the Programme for Government and SEAI has provided analysis of tariff options to the Department of Communications, Energy and Natural Resources [6].



Support for domestic grid integration of PV systems had been provided by a single electricity supplier, Electric Ireland, which offered a micro-generation feed-in tariff of €0.09 per kWh exported, which included solar PV, from 2009 to 2014 [19]. In April 2008, a new small and micro scale electricity generation programme was initiated by SEAI. The programme assessed technical, financial and regulatory issues surrounding the deployment of small and micro generation technologies in Ireland. This included a review of market arrangements required to encourage small and micro scale generation uptake, the definition of quality standards for products and installers, and a pilot trial and monitoring of 42 installations [6].



In a recent development, ESB (the state-owned electricity company) have partnered with Kingspan Group Plc. (a building materials company) to launch the ‘Funded Solar’ Scheme. Under this scheme, a business owner leases the roof of their building or buildings to Kingspan ESB for a period of 25 years. Kingspan ESB provides the funding to design, install and maintain the PV system on the roof. The business owner then enters into a power purchase agreement and agrees to purchase the electricity generated on the roof at a discounted rate [20]. A 300 kW solar photovoltaic system (the largest in the Republic of Ireland) has been installed at Kingspan Insulation in Castleblayney under this scheme.



In the absence of support, it is useful to note the current price of electricity for both domestic and commercial users as these rates may influence self-consumption of electricity from PV systems. Current average grid electricity prices for commercial and domestic users according to different usage bands are presented in Table 1.





1.2. Environmental Impacts of Solar PV Systems


A key driver for renewable energy systems implementation is the perceived carbon benefits which can be achieved when compared to conventional fossil energy systems. However, in determining the tangible environmental benefits of these systems, the entire life cycle must be taken into consideration. For example, biomass is often stated to be a carbon neutral fuel, however, research has shown that production of indigenous energy crops and harvesting and processing of wood biomass in Ireland is not carbon neutral when cultivation, harvesting, processing and transportation are taken into consideration [22,23].



Photovoltaic energy systems, directly generating electricity from solar energy, are free from fossil energy consumption and GHG emissions during operation. Therefore such systems would seem to be carbon neutral and cause no environmental burdens [24]. However, in determining the tangible environmental impacts of these systems, the entire life cycle must be taken into consideration, including PV system manufacture, operation, and disposal and/or recycling. When viewing PV systems in such a holistic manner, it is clear that energy production from such systems is directly linked to GHG emissions and thus these systems are not, in practice, emission free technologies [25].



Two indicators of sustainability, energy payback time (EPBT) and GHG emission rate, are commonly used to evaluate the energy and environmental performance of PV systems [26,27,28]. The energy payback time is defined as the period required for a renewable energy system to generate the same amount of energy (in terms of primary energy equivalent) that was used to produce the system itself [29].



GHG emissions, along with other environmental impacts, can be evaluated for PV systems using life cycle assessment (LCA), an internationally accepted tool for assessing the environmental sustainability of a system, product or service and provides the most comprehensive method currently available [30,31]. LCA is a method which can be used to analyse the environmental impacts of a system over its entire life-cycle, from raw materials acquisition through production, use and operation, and finally, end-of-life treatment, recycling and final disposal [32]. Environmental impacts are assessed based on a life cycle data inventory of relevant material and energy flows over the life-time of the system. In this sense, LCA is a “cradle-to-grave” approach as it begins with the gathering of raw materials from the earth to create the product and ends at the point when all materials are returned to the earth. In order to ensure harmonisation and standardisation of LCA studies, the methodology is governed by a set of international standards, ISO 14040 and ISO 14044; ISO 14040 describes the principles and framework for LCA, providing a basic explanation of the standard LCA process [32], ISO 14044 specifies minimum requirements and provides guidelines for an LCA [33]. Despite the presence of these LCA standards, studies examining similar PV systems have been found to show a large variance in results due to differences in methods and assumptions [34].



The environmental impacts of PV systems are dependent on the material and energy requirements in production, operation and maintenance, and disposal/recycling. The relation of the environmental impacts to the functional unit of the system, e.g., unit of electricity produced, is dependent on the energy generated by the system. The annual energy output is determined by a number of factors such as type of PV module, manufacture technologies, module conversion efficiency, installation location (roof top, façade or ground mounted) and pattern (integrated or mounted), array support structure, frame or frameless, application type (stand-alone or grid-connected) and performance ratio [24].



Several comprehensive reviews have been carried out on studies evaluating the sustainability of PV systems [24,35,36,37]. The type of PV technology utilised (and resource and energy inputs required), along with the installation location have been identified as important factors in the environmental performance of solar PV systems [25].



There is a wide range of available solar cell technologies, including; crystalline silicon technologies such as mono-crystalline (mono-Si), poly-crystalline (poly-Si), multi-crystalline (multi-Si) and ribbon multi-crystalline (ribbon-Si), and thin-film technologies such as amorphous silicon (a-Si), cadmium telluride (CdTe) and copper-indium-gallium-diselenide (CIGS). Each of these technologies has different material and processing requirements, leading to distinct emission profiles [25,38]. The solar conversion efficiencies of the different types of PV modules varies, which directly affects the energy return of the system [39].



Manufacturing of PV cells and associated components is an energy intensive process which requires direct fossil fuel use, generally for heating processes, and substantial electricity inputs [25], the use of which is significant over the life cycle [39]. The carbon intensity of the electric grid supplying the PV production chain has been shown to significantly affect life cycle GHG emissions [40], with emissions ranging from 1 g CO2-eq per kWh electricity generated by PV when the manufacturing process is supplied by 100% renewable electricity, to 218 g CO2-eq per kWh when the manufacturing process is supplied by coal electricity. This range of GHG emissions is still significantly lower than the carbon intensity of the Irish national grid at 457 g CO2 per kWh in 2014 [1].



The location of the solar PV installation is important due to the differing levels of solar insolation across the globe, and on a local scale. The amount of electrical output generated by PV systems generally increases with an increase in solar radiation intensity consequently leading to lower E-PBTs [39]. Alsema and de Wild-Scholten [41] found that solar electricity generated in Germany produces approximately 70% higher GHG emissions than the same system installed in Spain.





2. Materials and Methods


2.1. System Description


The proposed site is an industrial building located at University College Dublin, (52°59′N, 06°02′ W), Ireland. Irradiance data is taken from the nearest weather station at Dublin airport (which is circa 75 km north of the site) at 963 kWh/m2. The panels are to be roof-mounted. Average global inclined irradiation per square meter received by the modules is 1040 kWh per year. The available roof area for mounting of PV panels is 784 m2. The PV modules hypothesised for use in this system, the Hanwha Q cells Q peak G3 275 Rev3 monocrystalline solar modules, have dimensions of 1670 × 1000 × 35 mm, equating to a surface area of 1.67 m2. Each module has nominal power rating of 275 Wp. The panels have an efficiency of approximately 16.5%. The system was modelled using PV*SOL software (Valentin Software GmbH, Berlin, Germany) (http://www.valentin-software.com/en/products/photovoltaics/57/pvsol-premium).



System details are outlined in Table 2. The installation is made up of 195 PV panels composed of mono-silicon crystalline (c-Si) PV cells. The expected lifetime for the PV modules was assumed to be 30 years in line which has been proven to be attainable for c-Si modules [24], and is commonly used in LCA studies of such systems [42,43,44]. The lifetime of the inverter is assumed to be 15 years so it must be exchanged once during the lifetime of the installation [45]. In addition, it is assumed that damaged PV panels are replaced at a rate of 2% over the lifetime, and there is a production loss of 1% during handling.




2.2. Environmental and Economic Assessment Methods


The life cycle of photovoltaic energy systems begins with the extraction of raw materials for production (cradle), includes production of PV components and construction of the installations, and ends with the disposal (grave) of the PV components. Alternatively, PV components can be recovered and recycled and hence would then return to the cradle of the system. The environmental and economic assessment of the system was carried out using data from Table 2 and according to the assumptions outlined in Table 3.



The LCA for the proposed PV installation was modelled according to the ecoinvent dataset [45], which was modified to reflect specific operating conditions relating to Irish climatic conditions. Impacts related to operation and maintenance of the solar installation were considered negligible as documented by Turconi et al. [46]. The LCA was conducted in Simapro 8.0.1 [47].The energy payback time is defined as the period required for a renewable energy system to generate the same amount of energy (in terms of primary energy equivalent) that was used to produce the system itself [29]. The EPBT can be calculated using the following formula [29];


EPBT = (Emat + Emanuf + Etrans + Einst + EEOL)/((Eagen/ηG) − EO&M)








where

	
Emat: Primary energy demand to produce materials comprising PV system,



	
Emanuf: Primary energy demand to manufacture PV system,



	
Etrans: Primary energy demand to transport materials used during the life cycle,



	
Einst: Primary energy demand to install the system,



	
EEOL: Primary energy demand for end-of-life management,



	
Eagen: Annual electricity generation,



	
EO&M: Annual primary energy demand for operation and maintenance,



	
ηG: Grid efficiency, the average primary energy to electricity conversion efficiency at the demand side.








The energy required to produce the system is based on ecoinvent data (as referenced in Section 2.2), modified to reflect the specific requirements of the case study (transport distances etc.). Annual electricity generation was calculated for the specified system (details in Table 2) using PVSol software as mentioned in Section 2.1.



The approach used in this study assumes the replacement of the national grid power mix with the PV system. This approach calculates the time needed to compensate for the total (renewable and non-renewable) primary energy required during the life cycle of the PV system (excluding the direct solar radiation input during the operation phase). The annual electricity generation (Eagen) is converted into its equivalent primary energy, based on the efficiency of electricity conversion at the demand side, using the current average grid mix where the PV plant is installed [29]. A financial analysis was carried out to determine the effect of different potential renewable energy feed-in-tariffs on the overall economics of the proposed PV system. For this study, the payback time was considered to be the number of years before the system begins to generate profit. The equation below presents a simple method to determine the economic payback time of the solar PV system [48]:


Payback Time (years) = Cost of System (€)/Annual Savings or profits (€)











The system costs were calculated as €123,026 with each panel costing €239 [49], and installation costs of €1,400 per kWp according to Li et al. [8]. The cost of O&M includes insurance and replacement of inverters and panels. It has been estimated as 1% of the investment cost [50,51]. In this study, it is assumed that the REFIT is in place for the full payback period.



The Irish Government has indicated that support for the uptake of solar PV installations will be provided through the provision of a feed-in tariff in the future [6], however there has been no announcement on possible REFIT rates. A number of possible REFIT rates were considered in this study based on existing REFIT rates for other renewable energy systems. Table 4 lists the existing REFIT rates considered.



The levelised cost of electricity (LCoE) generated by the system was also calculated which represents the ratio between total lifetime costs of produced electricity, and the total estimated electric energy production in terms of the present value. The LCoE formula used can be given as:


   L C o E =    ∑   [   (   I t  +  M t   )     (  1 + r  )    − t    ]     ∑  [  E t     (  1 + r  )    − t   ]     








where   t   is the year that costs and revenue take place,     I t     is the yearly investment cost,     M t     is the yearly O&M cost,   r   is the discount rate, and     E t     is the annual electricity generation [53]. Sensitivity analysis is carried out on r by running the calculation of LCOE according to three r values; 5%, 7.5% and 10%.





3. Results and Discussion


3.1. Life Cycle Assessment


Life cycle GHG emissions from solar PV electricity generation are 69 g CO2-eq per kWh generated. A breakdown of the contribution of each of the life cycle stages to total GHG emissions is shown in Table 5, including; inverter production and disposal, PV panel production and disposal, solar installation construction and disposal, transport of materials to and from solar installation, and electricity use in solar installation operation. The production of the PV panels is responsible for the majority of life cycle GHG emissions, accounting for 50% of total emissions, echoing the findings of Hammond et al. [54]. Such emissions are largely due to energy use in production of the solar panels; energy use in PV panel production results in the emission of approximately 28 g CO2-eq, almost 40% of total life cycle GHG emissions.



As mentioned previously, the type of PV technology utilised (and resource and energy inputs required), along with the installation location have been identified as important factors in the environmental performance of solar PV systems [25]. This study assumes the use of monocrystalline solar modules. Life cycle GHG emissions calculated in this study are higher than for the same technology installed in Southern Europe with a solar insolation level of 1700 kWh/m2, emissions in this case are 45 g CO2-eq kWh−1 [26], highlighting the effect of high levels of solar radiation on overall GHG emissions. Furthermore, Reich [40] found that GHG emissions range from 1 g CO2-eq kWh−1 when renewable energy is used in production, to 218 g CO2-eq kWh−1 when coal is used in production.



Life cycle GHG emissions from solar electricity production in Ireland are significantly lower than GHG emissions from electricity production on the national grid of 457 g CO2-eq per kWh [1]. However, GHG emissions from solar energy production are approximately twice as high as GHG emissions from biomass combined heat and power (CHP) systems in Ireland which produce 32.4 kg CO2-eq per kWh [22]. It is important to note that GHG emissions from CHP systems depend on the type and source of biomass used. In addition, as CHP systems produce both heat and power, emissions are allocated not only to the electricity produced but also to the heat produced. There is a lack of data on GHG emissions from wind energy specific to Ireland, however average GHG emissions for wind have been estimated to be 34.11 g CO2-eq per kWh according to Nugent and Sovacool [25]. Similarly to PV, manufacture of the wind turbine accounts for the majority of emissions (71%), followed by construction (24%), operation (approximately 24%), and decommissioning, which offset 19.1% of wind’s emissions. While solar electricity generation in Ireland causes higher GHG emissions than other renewable electricity systems, there remains scope for reducing total emissions as increasing penetration of renewables in electricity generation in general will result in reduced manufacturing emissions.




3.2. Energy Pay Back Time


The annual electricity output amounts to 43,537 kWh (156,733 MJ) while the life cycle cumulative energy demand is 1,696,855 MJ. Using a grid conversion efficiency (ηg) of 0.483 for Ireland according to Howley et al. [55], the EPBT for the solar installation for the chosen site at University College Dublin is 5.23 years. In other words, it will take 5.23 years of operation of the solar plant to generate the same amount of energy (in terms of primary energy equivalent) that was used to produce the system itself. As such, if a lifetime of 30 is assumed, the system will be producing net energy for approximately 25 years. The EPBT is broadly similar to the EPBT of solar energy in the UK of 4.5 years [54]. However, the EPBT of a similar system in southern Europe has a shorter payback time of 2.7 years [26].




3.3. Economic Analysis


Annual income and the associated economic payback times at the various REFIT rates considered are presented in Figure 3. Results show that the time taken for the solar park to generate enough income to match the manufacturing and construction costs of the solar park vary between 19.3 and 34.4 years, depending on the REFIT rate.



REFITs vary from country to country, some recent rates in European countries are; €0.1381 per kWh in France, €0.1191 per kWh (with self-consumption) in Germany, and 0.0818–0.1779 per kWh in the UK [14]. Differing REFIT rates and costs of production give rise to varying economic payback periods; 17–19 years in France, 10–19 years in Germany, and 13 years in the UK. To achieve a similar economic payback time in Irish conditions, the REFIT rate would need to be set at €0.146 per kWh in this analysis.



Levelised cost of electricity varies between 200 and 295 euro per MWh depending on the discount rate applied (see Table 6) calculated to be €262 per MWh. This LCoE is on the high end of a range of values calculated by Hernández-Moro and Martínez-Duart [56]. The results here are on the higher and of that range due to the lower level of solar resource available for the location, and as such the low capacity factor of 0.093.



The costs for the production of PV electricity in this study are higher than is usual in countries where the solar PV market is more developed, e.g., Germany, due to constraints with building integration and lack of experienced PV installers. The price of the PV system will be influenced strongly by the development of the Irish solar PV market and supply chain. As more PV is deployed, the Irish PV installer base will increase and ‘learning by doing’ effects will allow installers to install projects more efficiently and quickly under Irish conditions. These effects will apply in all parts of the solar PV supply chain, and are likely to be particularly strong in the rooftop market where installers must adapt to the particular characteristics of a country’s building stock [57].





4. Conclusions


This study demonstrates the feasibility of a solar PV installation in University College Dublin from a technical, environmental and economic point of view. The system will produce net energy (net of the energy required to manufacture and install the system) from year 5.23 after installation. Solar electricity generated will yield significant GHG emissions savings when compared to the Irish national grid. Solar electricity has higher associated GHG emissions per kWh than wind and biomass CHP systems, however as energy use in production of the solar panels has a significant impact on overall emissions, future greening of national grids will result in reduced life cycle GHG emissions. The results of the study clearly demonstrate the importance of extending REFIT to include solar PV systems in order to achieve similar economic payback times as have been achieved in other European countries and to encourage the future uptake of PV in Ireland.
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Figure 1. EU Photovoltaic Solar Electricity Potential [13]. 
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Figure 2. Global irradiation and solar electricity potential – Ireland for optimally inclined photovoltaic modules [13]. 
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Figure 3. Economic payback time at different REFIT rates. 
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Table 1. Electricity Prices as summarized by Howley and Hammond [21].
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Business Electricity Prices (ex-VAT)

	
Residential Electricity Prices (All Taxes Included)




	
Band

	
Price (c/kWh)

	
Band

	
Price (c/kWh)






	
IA

	
20.5

	
DA

	
48.1




	
IB

	
16.4

	
DB

	
30.7




	
IC

	
13.6

	
DC

	
24.5




	
ID

	
11.2

	
DD

	
21.1




	
IE

	
9.7

	
DE

	
18.1




	
IF

	
8.8

	
-

	
-
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Table 2. Installation data.







Table 2. Installation data.







	
Installation Data

	
Unit

	
Quantity






	
Global horizontal irradiation

	
kWh·m−2

	
963




	
Roof area

	
m2

	
784




	
Area per panel

	
m2

	
1.67




	
Number of panels

	

	
195




	
Total surface area

	
m2

	
325.7




	
Nominal power

	
Wp·panel−1

	
275




	
Total nominal power

	
Wp

	
53,625




	
Yearly output

	
kWh

	
43,537




	

	
kWh·kWp−1

	
811.81
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Table 3. Assumptions.







Table 3. Assumptions.







	
Installation Lifetime

	
Years

	
30






	
Panel replacement rate

	
%

	
2




	
Loss during construction

	
%

	
1
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Table 4. Existing Renewable Energy Feed-In-Tariff (REFIT) rates considered in this study (including balancing payment) [52].
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Technology

	
Unit

	
Quantity






	
1

	
Small wind (<5 MW)

	
cent kWh−1

	
8.2




	
2

	
Biomass Combustion

	
cent kWh−1

	
9.9




	
3

	
Large AD Non CHP (>500 kW)

	
cent kWh−1

	
11.5




	
4

	
Large AD CHP (>500 kW)

	
cent kWh−1

	
14.6
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Table 5. Life cycle greenhouse gas emissions for the production of 1 kWh of electricity the PV system.
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Impact Category

	
Unit

	
Quantity






	
Inverter Production + Disposal

	
g CO2-eq kWh−1

	
5.73




	
PV Panel Production + Disposal

	
g CO2-eq kWh−1

	
49.67




	
Solar Installation Construction + Disposal

	
g CO2-eq kWh−1

	
12.98




	
Transport

	
g CO2-eq kWh−1

	
1.22




	
Electricity

	
g CO2-eq kWh−1

	
4.87 × 10−4




	
Total

	
g CO2-eq kWh−1

	
69.61
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Table 6. Levelised cost of energy at different discount rates.







Table 6. Levelised cost of energy at different discount rates.







	
Discount Rate (%)

	
LCOE (€ MWh−1)






	
5

	
200




	
7.5

	
246




	
10

	
295
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