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ABSTRACT
Globally, the hydropower (HP) sector has significant potential to increase its capacity by 2050. This study quantifies the energy and resource demands of small-scale HP projects and presents methods to reduce associated environmental impacts based on potential growth in the sector. The environmental burdens of three (50-650 kW) run-of-river HP projects were calculated using life cycle assessment (LCA). The global warming potential (GWP) for the projects to generate electricity ranged from 5.5 to 8.9 g CO2 eq./kWh, compared with 403 g CO2 eq./kWh for UK marginal grid electricity. A sensitivity analysis accounted for alternative manufacturing processes, transportation, ecodesign considerations and extended project lifespan. These findings were extrapolated for technically viable HP sites in Europe, with the potential to generate 7.35 TWh and offset over 2.96 Mt of CO2 from grid electricity per annum. Incorporation of ecodesign could provide resource savings for these HP projects: avoiding 800,000 tonnes of concrete, 10,000 tonnes of steel and 65 million vehicle miles. Small additional material and energy contributions can double a HP system lifespan, providing 39 to 47% reductions for all environmental impact categories. In a world of finite resources, this paper highlights the importance of HP as a resource-efficient, renewable energy system.

1. INTRODUCTION
[bookmark: _GoBack]Reducing the demand for fossil fuel-based electricity is a key sustainability objective for governments and businesses in terms of economics, resource efficiency and environmental responsibility. Implementing renewable energy technologies is one option that is increasingly utilized for this purpose.1 Currently, hydropower contributes to 16% of global power production.2 The number of hydropower (HP) installations continues to increase within the renewable sector, as government incentives such as Feed-In Tariffs (FITs) and other mechanisms improve financial attractiveness for installers.3 The economic feasibility and payback of HP installations is impacted by a number of factors: differences in policy and electricity market structures;4 proximity to infrastructure e.g. grid connection;5 electricity prices and FITs in different countries;6 economies of scale for small-scale HP projects.7 Hydropower can help countries meet targets for renewable energy electricity generation and greenhouse gas (GHG) emission reduction, and the International Energy Agency suggests that significant potential for increased capacity is possible in the coming decades.2
Carbon footprinting standards such as PAS 2050 exclude the need to report the carbon embodied in buildings and capital equipment.8 This dominates the carbon footprint of all HP projects; nevertheless installations have been shown to achieve significant net GHG savings over their operational lifespan compared to other forms of non-renewable electricity generation systems.9, 10 Life cycle assessment (LCA) is a method of quantifying a range of environmental burdens, including GHG emissions, for a product or service through its life cycle.8 LCA has previously been used to assess the environmental impacts of different sized HP systems.9, 11-15 However, only a few of these studies examined the environmental impacts of small (~100 to 1000 kW) and micro (~10 to 100 kW) capacity HP installations.9, 13 As these installations represent a significant fraction of the growth expected in the renewable energy sector,16 it is important to evaluate the burdens of recent small-scale HP projects in order to predict and improve the economic and environmental performance of this technology. In addition, differences exist between the environmental impacts for the type of installation; for instance there are minimal ecological impacts for HP projects in water supply networks as opposed to abstracting water at run-of-river sites or flooding land at reservoir sites.17
Although used in other industries,18, 19 few research studies have been published on the application of LCA to inform more efficient design of HP projects, or indeed for other renewable energy systems. In recent years, ecodesign has been strongly promoted for a wide range of products, including construction products and materials.20 This has been driven by the EC Directive 2009/125/EC which sets ecodesign requirements for energy-related products.21 The use of LCA and ecodesign in project development can generate social, economic and environmental benefits.10, 15, 22 The compilation of all inputs and outputs associated with the raw material extraction, manufacturing processes and transportation is required to undertake a detailed LCA study.23 However, minor differences in methodologies adopted for each study (i.e. boundary delineations, the level of detail and sources of material/process data) presents a challenge for comparing the environmental burdens of a product or service.23
A large variation in GHG emissions of between 0.2 and 152 g CO2 equivalent per kWh (g CO2 eq./kWh) has been identified for different sizes and types of HP installations (i.e. storage, reservoir, run-of-river).12 These figures are much lower than the carbon footprint of 403 g CO2 eq./kWh for UK marginal grid electricity generation from natural gas combined cycle turbine (NG-CCT) power plants. Adopting ecodesign in the development of HP projects can potentially result in environmental benefits by examining the material selection (e.g. concrete or wood for building structure) and construction processes (e.g. poured in-situ or precast concrete) of each installation.24, 25 In addition, accurately accounting for the project lifespan26 and transport of materials27 is necessary to calculate the environmental burden of a renewable energy project.
The objectives of this study are to (i) undertake a detailed life cycle assessment for three small run-of-river HP installations to quantify their environmental burdens and compare their performance with marginal UK grid electricity, (ii) carry out a sensitivity analysis to examine the influence of manufacturing processes, an extended project lifespan and material selections for these projects on the system’s environmental footprint, and (iii) extrapolate the potential cumulative environmental benefits of promoting ecodesign in the growing small-scale HP market on a European scale. In doing so, this paper will provide a high resolution examination of the environmental burdens associated with the components, materials and processes of HP projects. The findings from this paper resonate strongly with the objectives of the EC Directive 2009/125/EC, which previously has not been used to provide guidance on the development of renewable energy projects.

2. METHODS
2.1 Goal & scope definitions
This paper presents three distinct run-of-river HP projects, each of which required a unique combination of material quantities, manufacturing processes and transportation to construction. The study followed ISO 14040 and 14044 guidelines.28, 29 A ‘cradle-to-operation’ scope was considered for this study to account for all environmental impacts of a HP project up to the stage of generating electricity.30 The product category rule for hydropower LCA allows end-of-life factors to be excluded where it is likely that the infrastructure remains in place indefinitely.31
The functional unit was 1 kWh of electricity generated, for comparison with marginal UK grid electricity generation via a NG-CCT power station.32 The system boundaries included raw material extraction, processing, transport, and all installation and grid connection operations (Figure 1). Highly detailed information was collated from project drawings, tender documents and communication with stakeholders. System boundaries were expanded to consider marginal grid electricity generation avoided over the lifetime of the HP turbines.
Five relevant environmental impact categories (per kWh electricity produced) were selected from the CML impact assessment method (Table S1): global warming potential (GWP), expressed as kg CO2 eq.; abiotic resource depletion (ARDP), expressed as kg Sb eq.; acidification potential (AP), expressed as kg SO2 eq.; human toxicity potential (HTP), expressed as kg 1,4-DCBe eq.; fossil resource depletion potential (FRDP), expressed as MJ eq.33 These categories were chosen as they represent the primary environmental burdens (human health, ecosystem quality and resources) associated with hydro projects and grid electricity generation, and have been previously presented in literature for renewable energy projects and water infrastructure projects.11, 34, 35

[image: C:\Users\afs02e\Desktop\Hydro-BPT\Project Dissimination\Papers\4) LCA in Design Optimisation of MHP Installations\Figures\Figure 1.tif]
[bookmark: _Ref384739565][bookmark: _Ref384739606]Figure 1. Key materials, processes and infrastructure considered within the system boundaries for run-of-river HP projects.

Embodied environmental burdens were calculated for the following HP system components: weir and intake; pipework; anchor block and chambers; powerhouse building; turbine, generator and electrical equipment. A sensitivity analysis was undertaken to account for uncertainties in manufacturing processes, materials and transportation requirements.

2.2 Case study descriptions
Details relating to the three case studies examined in this paper are outlined in Table 1. These represent typical run-of-river installations: one 50 kW installation in the development stage by a private developer and two (650 kW and 100 kW) completed installations by National Trust Wales in the United Kingdom.
Turbine lifespan values cited in the literature vary considerably, from 20 to 100 years; a project lifespan of 50 years was applied for each of the projects in this study.10, 13-15, 31, 36 The assumptions for this LCA study are outlined in Table S2, based on comparable system boundaries across each project that account for all important contributory processes, including raw material extraction, manufacturing, transportation and construction.

[bookmark: _Ref384889877]Table 1. Description of three run-of-river HP case studies for LCA.37-39
	
	HP project 1
	HP project 2
	HP project 2

	Location
	North Wales
	North Wales
	North England

	Client
	National Trust Wales
	National Trust Wales
	Private

	Net head
	175 m
	128 m
	105 m

	Flow
	~450  l/s
	~100  l/s
	~90  l/s

	Design capacity
	650 kW
	100 kW
	50 kW

	Annual output*
	1.8 – 2.1 GWh
	0.4 – 0.5 GWh
	0.2 – 0.3 GWh

	* Annual output based on design for each HP project.



2.3 Inventory for LCA case studies
Information was gathered on the size and capacity of the turbine/generator units, the materials and construction processes including on-site plant and machinery operations, through consultation with project stakeholders, project reports, quantities spreadsheets, project design drawings, and site visits (see Table S3). The quality of inventory data provided for this paper allowed the authors to assess the environmental burdens of all project components, materials and processes to a high level of detail.
A cut-off threshold was not applied to materials contributing to environmental burdens from the HP projects during inventory compilation, so that close to 100% of environmental burdens were captured through particularly detailed inventory data collection (see supporting information Table S3).40 Therefore, the study complied with the ISO 14040 requirement to account for at least 95% of the total mass and 90% of the total energy inputs for each HP project.  Allowing for exclusions of less than 1%, which is suggested by PAS2050 guidelines, was not necessary and did not simplify the LCA process.8 Different material thresholds of 0.5% and 1.0% have been used in previous investigations.5, 10 The sensitivity analyses provides further transparency for the case studies, identifying the importance of data collection.41 
A database for raw materials extraction, product manufacturing, transport and handling was generated in MS Excel following extraction from Ecoinvent v.3 via SimaPro 8.0 software to calculate the environmental burdens of the run-of-river installations.42

2.4 Reference system, carbon payback time and future predictions
NG-CCT power stations operating at 50% conversion efficiency represent marginal electricity generation in the UK that is avoided by energy saving and renewable energy measures.32 Natural gas provides a flexible fuel for electricity generation compared to coal and nuclear base loads; therefore it is likely to be the source of marginal grid electricity generation across many European countries. Therefore, 1 kWh of NG-CCT-generated electricity with a GHG intensity of 403 g per kWh was taken as the reference system for comparison with 1 kWh HP-generated electricity. 
The carbon payback time was calculated as the operational time required for the HP installations to offset a quantity of marginal grid electricity GHG emissions equivalent to those arising over the life cycle of the HP system manufacture, installation and operation. However, Sleeswijk et al.43 note that the environmental balance of a product over its lifetime is sensitive to changes in the environmental burdens of contributory and counterfactual processes. 
The aggregate annual European GHG mitigation potential of unexploited HP sites was calculated based on extrapolated technical potential across Europe. Based on the mapped findings for HP in Europe, in excess of 28,000 sites (ranging from 100 kW to 10 MW) could be developed.44 It was assumed that these sites can all be developed as 100 kW installations (conservatively based on the minimum size) with a 30% capacity factor. In the short term, NG-CCT was taken as the marginal grid electricity replaced by HP. To consider future GHG mitigation achieved by these installations, the carbon intensity of marginal grid electricity was estimated to halve by 2050.

2.5 Interpretation and sensitivity analysis
To enable a comparison of relative magnitude of each environmental burden per kWh of hydro- or marginal grid-electricity (represented by natural gas) generated, burden loadings per kWh generated were normalized against EU25 per capita annual loadings derived, assuming an EU25 population of 465 million people.33
Sensitivity analyses were undertaken in relation to manufacturing and transport for each HP installation, as these aspects were associated with the greatest uncertainty. Five scenarios were assessed, in which the environmental burdens attributable to the uncertain aspects were varied by ±50% in the manufacturing component of producing the turbine/generator (S1) and pipework (S2), and the efficiency of the helicopter (S3) to transport materials to site (650 kW case study only). In addition, reductions/savings due to applying ecodesign (S4) to the HP installations and extending the project lifespan (S5) of each HP installation to 100 years were examined.
· Scenario 1 – Varying energy demands for manufacturing turbine/generator unit
· Scenario 2 – Varying energy demands for manufacturing PE pipework
· Scenario 3 – Varying energy demand of material transport by helicopter (650 kW case study only)
· Scenario 4 – Applying ecodesign options
· Scenario 5 – Extending each HP project lifespan to 100 years

The first two scenarios deal with the uncertainties surrounding the manufacture of the turbine/generator unit and pipework. Data on manufacturing processes of these core components are limited and can be highly situation-specific. Therefore, notable differences may occur between each of the projects and the sensitivity analysis can quantify potential uncertainties in the manufacturing of the core project components.
Similarly, a sensitivity analysis was undertaken to reflect uncertain data for lifting of materials by helicopter for the 650 kW project. The use of a helicopter provided a faster method for materials transport to less accessible site locations, but was associated with modelling uncertainties relating to varying load characteristics and the efficiency of air-lifting under different weather conditions.  These materials included weir construction materials (concrete, reinforcing steel and formwork) and a fraction of the PE pipework. The information provided by the Ecoinvent database required the combination of helicopter landing and takeoff cycle data with hourly flight emissions, introducing some further uncertainty in the results.
A number of ecodesign considerations were examined to determine their overall burden mitigation potential. These included the use of precast concrete units which saves on waste materials, changing powerhouse design and construction details from a concrete block to wooden frame structure, promoting the reuse/recycling of materials and enhancing efficiencies in materials transport to site. These ecodesign options were based on a combination of considerations included in the 100 kW case study (e.g. precast concrete weir) or suggested to the designers for the 50 kW project (powerhouse design). Further ecodesign options were noted (e.g. selection of biofuel for vehicles transporting materials to site, additional powerhouse construction changes, redesign of inlet, and pipe selection). The considerations adopted in this study were chosen based on their common applicability to each of the case studies. 
Lastly, a sensitivity analysis was undertaken to quantify the effect of an extended 100-year lifespan on environmental burdens. This accounted for operation and maintenance over the project lifespan and replacement or retrofit of some project components: new powerhouse roof and doors (100% of original burden), minor pipework replacement and electrical work (5% of original burden) and a retrofit of the turbine/generator (25% of original burden).

3. RESULTS & DISCUSSION
3.1 Contribution analysis
The results of the LCA are presented in Table 2 and expressed as total environmental burdens per kWh of electricity generated over the 50-year lifespan for each of the three HP installations. It also shows the carbon payback time in relation to offset grid electricity generation based on the estimated output for each system.

[bookmark: _Ref383784910]Table 2. Environmental impacts of three run-of-river projects for different impact categories and carbon payback time (expressed per kWh generated over project 50-year lifespan).
	Case study
	Impact categories*
	
	Carbon payback

	
	GWP
	ARDP
	AP
	HTP
	FRDP
	
	

	
	(g CO2)
	(g Sb)
	(g SO2)
	(g 1,4DCBe)
	(MJ)
	
	(years)

	50 kW
	8.93
	2.1E-04
	7.9E-02
	30.5
	1.7E-01
	
	0.90

	100 kW
	7.39
	1.5E-04
	5.9E-02
	20.6
	1.5E-01
	
	0.93

	650 kW
	5.46
	9.2E-05
	4.1E-02
	16.4
	1.5E-01
	
	0.67

	* GWP, global warming potential; ARDP, abiotic resource depletion potential; AP, acidification potential; HTP, human toxicity potential; FRDP, fossil resource depletion potential.



The total GWP impact associated with the three HP installations over the lifespan of the project ranged from 5.5 to 8.9 g CO2 eq./kWh, which is comparable to previous LCA results for run-of-river HP projects of a similar range.12 Figure 2 displays the relative contribution of project materials, construction practices and transportation towards the environmental burdens per kWh of electricity generated for each of the turbines.

[image: C:\Users\afs02e\Desktop\Hydro-BPT\Project Dissimination\Papers\4) LCA in Design Optimisation of MHP Installations\ES&T\2nd Submission\Figures\Figure 2.tif]
[bookmark: _Ref384046613]Figure 2. Relative contribution of materials, construction practices and transportation to global warming potential for each HP project (note: ‘other metals’ refers to contributions from copper, aluminum, etc.; ‘other materials’ refers to contributions from acoustic wool, paint, etc.).

Steel, plastic (polyethylene) and concrete accounted for over 75% of the GWP for each project. Pipework was responsible for the largest share of GWP burden (53-60%) for each project followed by the turbine/generator and grid (19-23%), and powerhouse (13-17%). Cumulatively, these components accounted for over 91% of project GWP. Figure 3 provides a breakdown of all five environmental burdens across the major components for each HP project.

[image: C:\Users\afs02e\Desktop\Hydro-BPT\Project Dissimination\Papers\4) LCA in Design Optimisation of MHP Installations\ES&T\Figures\Figure 3.tif]
[bookmark: _Ref409526476]Figure 3. Breakdown of environmental impacts of project components (expressed per kWh generated over project 50-year lifespan).

All five environmental burdens were dominated by the PE pipework and turbine/generator. Similar to a previous investigation, the size of the installation affected the results, with burdens per unit of electricity generated inversely correlated with turbine size.9 A reduction in the environmental burdens of a HP project based on an increase in its capacity therefore echoed the economies of scale for this type of installation.45
Component breakdowns for environmental burdens were similar across the three installations. High GWP and FRDP burdens can be attributed to the large quantities of fossil energy required to manufacture significant quantities of pipework and to process the relevant materials (PE and DI pipes). In relation to AP, ARDP and HTP burdens, the turbine/generator represented the main contribution due to the extraction and processing of metals, especially copper.

3.2 Comparison with grid electricity
Figure 4 presents results for electricity generated by each of the three HP installations, and by a typically-sized (300 MW) natural gas combined cycle turbine (NG-CCT) power plant reference system.32
[image: C:\Users\afs02e\Desktop\Hydro-BPT\Project Dissimination\Papers\4) LCA in Design Optimisation of MHP Installations\ES&T\Figures\Figure 4.tif]
[bookmark: _Ref386636544]Figure 4. Normalised impact category contributions for each run-of-river installation compared with UK marginal grid electricity generation by NG-CCT reference system (compared per kWh generated over a 50-year project lifespan).

Compared with the reference system, normalised life cycle environmental burdens for the run-of-river HP project were reduced by: >98% for GWP; >97% for FRDP; >92% for AP. However, ARDP burdens were 243-693% higher for HP than for marginal grid electricity, reflecting the comparatively large quantities of raw materials embodied in HP infrastructure. Results for HTP were mixed, ranging from a reduction of 38% for the 650 kW project to an increase of 16% for the 50 kW project compared with marginal grid electricity, reflecting relatively large quantities of metals such as copper used in small-scale hydropower generators per kWh output.

3.3 Sensitivity Analysis
Sensitivity analysis explored the effects of uncertainties within LCA data for manufacturing processes, transportation of materials, as well as providing insight into ecodesign options. Sensitivity results are presented in Table 3 as percentage variance from default life cycle environmental burdens for each kWh of electricity generated.
Variations in manufacturing burdens for the turbine/generator made relatively small changes to the results, with a maximum difference of ±2.7% calculated for GHG emissions. Sensitivity was dependent on the scale of the project and proportional weight of the turbine/generator with respect to the capacity of the system. The burdens associated with uncertainties in the manufacturing of the PE pipework was more notable, with GWP and FRDP burdens ranging from ±4.4 to 7.4% for all three HP projects. The 100 kW project demonstrated the largest difference for manufacturing of PE pipework because it required the longest length of pipeline in proportion to the size of the project.

[bookmark: _Ref384909501]Table 3. LCA sensitivity analysis of run-of-river installations (S1-S3: assuming ± 50% margin of error for environmental burdens; S4: savings due to ecodesign considerations; S5: reductions per kWh electricity due to extended project lifespan).
	Scenario
	HP installation
	
	Impact categories* (difference)

	
	
	
	GWP
	ARDP
	AP
	HTP
	FRDP

	S1 – Manufacturing of turbine/generator
	50 kW
	
	±2.7%
	±0.6%
	±1.8%
	±0.8%
	±1.8%

	
	100 kW
	
	±1.3%
	±0.3%
	±1.0%
	±0.5%
	±0.8%

	
	650 kW
	
	±2.1%
	±0.6%
	±1.6%
	±0.7%
	±1.6%

	
	
	
	
	
	
	
	

	S2 – Manufacturing of PE pipework
	50 kW
	
	±6.8%
	±0.4%
	±3.2%
	±0.7%
	±6.1%

	
	100 kW
	
	±7.4%
	±0.5%
	±3.9%
	±0.9%
	±6.5%

	
	650 kW
	
	±4.4%
	±0.3%
	±2.4%
	±0.5%
	±4.6%

	
	
	
	
	
	
	
	

	S3 – Helicopter transportation for materials (650 kW)
	50 kW
	
	-
	-
	-
	-
	-

	
	100 kW
	
	-
	-
	-
	-
	-

	
	650 kW
	
	±0.9%
	±0.0%
	±0.5%
	±0.0%
	±0.8%

	
	
	
	
	
	
	
	

	S4 – Ecodesign considerations
	50 kW
	
	-2.6%
	-0.3%
	-1.1%
	-0.3%
	-1.1%

	
	100 kW
	
	-2.9%
	-0.4%
	-1.5%
	-0.2%
	-1.4%

	
	650 kW
	
	-1.8%
	-0.4%
	-0.9%
	-0.2%
	-0.7%

	
	
	
	
	
	
	
	

	S5 – Extended 100-year project lifespan
	50 kW
	
	-46.4%
	-42.9%
	-44.1%
	-38.9%
	-45.6%

	
	100 kW
	
	-47.1%
	-43.7%
	-45.2%
	-42.7%
	-47.0%

	
	650 kW
	
	-46.5%
	-42.3%
	-44.7%
	-41.3%
	-46.8%

	* GWP, global warming potential; ARDP, abiotic resource depletion potential; AP, acidification potential; HTP, human toxicity potential; FRDP, fossil resource depletion potential.



The use of a helicopter for transportation of materials was unique to the 650 kW project, and made a small contribution of less than ±1% to the overall environmental burden of the project.
The ARDP environmental burden for a HP installation is much higher than marginal electricity generation. These findings demonstrate the challenges of reducing resource use for HP projects. An ecodesign approach could enhance both the economic and environmental performance for HP installations,46 especially with respect to ARDP. The sensitivity assessment for potential ecodesign considerations included precast concrete sections, changing powerhouse design and construction details, reusing materials and enhancing efficiencies in materials transport. Precast concrete sections provide savings by reducing material waste and promoting more effective recycling of shuttering material. In addition, a wood frame structure to replace a concrete cavity wall and changing roof and finishing materials improves the efficiency of the powerhouse structure. The sensitivity analysis demonstrated small overall savings (maximum of 2.9%) for each project. Nonetheless, small reductions in the use of valuable resources (ARDP savings of 0.3 to 0.4%) can contribute to cumulatively significant resource savings across multiple projects on a regional or national scale. However, an extended project lifespan for a hydropower project can considerably reduce the resource demand. This requires additional material requirements and energy demands for maintenance and replacement components.
To account for an extended project lifespan, regular maintenance and a turbine system retrofit after 50 years of operation were considered. These additional environmental burdens were calculated based on the estimated wear of project components.31 This work doubled the lifespan of these HP projects to 100 years, yet only added between 7.3% and 18.2% to the overall burdens of the three installations. These modest additional material and energy demands presented significant reductions of between 39% and 47% for all environmental burdens over the extended project lifespan (assuming, for simplicity, that factors such as turbine efficiency and stream flow remain relatively constant). This demonstrates the long-term benefits of HP systems, as unlike fossil fuel electricity sources, the life cycle burdens significantly reduce over their extended lifespan.
Undertaking LCAs on representative case studies can allow lifecycle thinking to influence decisions in HP project development.47 This study adds to the evidence by providing detailed LCAs for small run-of-river HP projects, confirming the notable extended lifetime benefits of such projects for all environmental burdens, and suggesting a modest but relevant role for ecodesign in future global HP deployments.

3.4 Green growth for hydropower
Globally, significant expansion in the renewable energy sector has been evident in recent years.48 Hydropower is considered to offer considerable potential to further reduce global GHG emissions, and there is notable unexploited capacity for future growth.17 Most recently, Bódis, Monforti and Szabó 44 discussed the expansion of HP for electricity generation and outlined the significant technical potential for small-scale installations in Europe. Government-backed financial incentives (e.g. FITs in the UK) have encouraged investment in HP, which can ensure the economic feasibility of small-scale HP installations.49 Ecodesign could maximize the environmental benefits by saving the resources consumed in HP project development.
Based on the assumption that all technically feasible HP sites are successfully installed, an additional 7.35 TWh of renewable electricity could be generated annually in Europe.44 The successful implementation of HP at these 28,000 sites could help offset over 2.96 Mt CO2 per year from electricity generation, assuming that NG-CCT is the marginal replaced electricity generating source across Europe. However, as these projects may not all be installed in the short term, future estimations would translate as a reduction of 1.48 Mt CO2 per year by 2050 based on a reducing carbon intensity of grid electricity. Based on the average ecodesign savings achievable for the three case studies described in this paper, cumulative savings could be realized. Regardless of carbon emissions associated with electricity, the material and resource savings include over: 800,000 tonnes of concrete; 10,000 tonnes of steel; almost 19 million tonnes of material movement and 65 million vehicle miles through reduced material transport. These savings resonate with the objectives of the EC Directive 2009/125/EC framework on ecodesign. In addition, small additional material and energy contributions can extend the lifespan of a HP project and provide reductions of between 39% and 47% for all environmental impact categories.  
Substantial additional growth has been identified for hydropower as a valuable renewable energy resource. LCA dispels any doubt over the GHG and fossil energy balance of small run-of-river HP installations, and indicates significant opportunities for ecodesign to reduce the relatively high raw material requirements per kWh of electricity generated.

3.5 Future directions
Further studies are needed to determine all potential ecodesign savings for small- and micro-hydropower systems. Using the LCA methodology in this paper, it is proposed that a comparison of different renewable technologies will be undertaken to compare the environmental burdens in future work. Furthermore, ecodesign can be applied to all renewable energy systems and savings can be identified for different technologies to promote greener systems. An assessment of carbon and resource savings will also consider the future of hydropower on GHG emissions and limited natural resources.
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