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a b s t r a c t

The rapid deployment of renewable energy technologies continues, yet the environmental impacts
associated with their construction is accepted without sustainable design considerations. This life cycle
assessment study quantifies the embodied burdens in the construction phase of eleven micro-
hydropower installations, ranging from 70e100 kW in size. The consumption of concrete and aggre-
gates, metals and plastics influence each of the five impact categories assessment differently. In relation
to global warming potential, upstream production of concrete and aggregates contributed 25e44%,
whilst production of plastics contributed 27e49%. For acidification potential, production of metals and
plastics contributed 29e67% and 19e45%, respectively. Production of metals used in MHP projects
contributed 86e98% of human toxicity potential and 79e98% of abiotic resource depletion, whilst pro-
duction of plastics contributed 56e77% of fossil resource depletion potential. One low-head scheme had
the highest global warming, acidification and fossil resource depletion burdens due to large quantities of
materials used in construction, while another scheme demonstrated high human toxicity and abiotic
resource depletion burdens due to a 3-km grid connection upgrade for exporting electricity. The results
were more sensitive to the quantity of materials used in the micro-hydropower projects than to changes
in transport and construction contributions. The use of alternative materials could reduce global
warming potential, e.g. a wood-frame powerhouse instead of concrete construction would reduce it by 6
e12%. The results also indicated a general trend of reduced burdens per kWh electricity generated as
capacity increased. However, no clear correlations were found between site-specific characteristics and
environmental impacts in constructing these micro-hydropower projects. Therefore, independent life
cycle assessment case studies are still required to inform better construction practices for specific
renewable energy projects, with significant potential to improve environmental performance, especially
in relation to resource efficiency as per circular economy principles.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

With continued economic and population growth globally, a
dependency on fossil fuel energy sources gives rise to a continua-
tion of greenhouse gases (GHGs) emissions and contributing to the
Bangor University, Wales, UK.
adverse effects of climate change (REN21, 2016). In response, there
has been significant growth in the renewable energy (RE) sector to
reduce GHG emissions and to support a transition towards a low-
carbon economy (IRENA, 2016). This has been boosted through
significant government investment programmes (DECC, 2013),
which has presented positive economic opportunities (US DOE,
2017).

Among the different RE systems, hydropower (HP) is considered
the most mature and proven technology (IRENA, 2012). Globally, an
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estimated 31.5 GW of new hydropower capacity was added around
the world in 2016, with a total generation of 4102 TWh, the largest
output of all RE sources (IHA, 2017). The outlook for HP is continued
growth, increasing the existing 14% energy share to a 20% contri-
bution of global RE use by 2030 (IRENA, 2016). Whilst this growth
has positive outcomes in terms of GHG mitigation through fossil
energy displacement, it is heavily dependent on the use of finite
material resources owing to comparatively large quantities of
equipment and infrastructure per kWh electricity generated by RE
technologies (Gallagher et al., 2015a, 2015c). This should be
considered in the deployment of new RE projects, in line with the
concepts of the circular economy and sustainability (Gallagher
et al., 2019).

Unlike fossil-fuel based energy generation, RE technology does
not emit GHG emissions during its operation. However, there are
environmental impacts associated with the manufacturing of tur-
bine components and the construction of the RE installation
(Gallagher et al., 2019; Pehnt, 2006; Asdrubali et al., 2015). For
example, the requirement for various durable materials to
construct these HP systems leads to depletion of natural resources,
as well as the fossil fuel consumption in the manufacturing and
processing of system components.

Recent environmental assessments of HP installations have
considered different forms of analysis, from embodied energy or
emergy flows (Zhang et al., 2016; Tassinari et al., 2016), to water
footprints (Bakken et al., 2016; Coelho et al., 2017) and carbon
footprints (Zhang et al., 2015; Zhang and Xu, 2015). The findings
from these studies are limited to specific environmental burdens
and thus restrict the overall conclusions that can be drawn from the
results. Therefore, to develop more sustainable HP plants, the
ability to quantify and analyse the material flows through an
environmental impact assessment (EIA) can assist in the adoption
of low-carbon and resource efficient designs. Life cycle assessment
(LCA) is a widely accepted systematic method that allows for the
evaluation of numerous potential environmental impacts associ-
ated with delivery of a product or service throughout its entire life
cycle (ISO, 2006a).

One example of an early and comprehensive LCA of three ‘run-
of-river’ HP schemes in India, ranging in size from 50 kW to
3000 kW, was Varun et al. (2008), which quantified the installation
and operational and maintenance (O&M) life cycle stage GHG
emissions of these projects. The study outlined the contribution of
GHG emissions (as global warming potential (GWP)) for the eval-
uated HP plants, with results ranging from 35 to 75 g of carbon
dioxide equivalent per kilowatt-hour (g CO2 eq./kWh) over the
expected 30-year project lifespan. It presented the environmental
impacts during the different life cycle stages for the HP plants, and
demonstrated that larger capacity HP installations had a lower
GWP burden per kWh of generation. Subsequent LCA studies
reinforced the impact of scale on GHG emission results, with a value
as low as 1.2 g CO2 eq./kWh for a large 8MW installation (Hanafi
and Riman, 2015) and higher results of 52.7 g CO2 eq./kWh for a
3 kW pico-hydro installation (Pascale et al., 2011) e notwith-
standing possible influence of different LCA methodologies on
these results.

More recent LCA studies of HP plants have evaluated a wider
range of environmental impact categories (Gallagher et al., 2015a;
Pascale et al., 2011; Suwanit and Gheewala, 2011; Hanafi and
Riman, 2015). Although the number of impact categories pre-
sented differs across studies, each study included global warming
potential (GWP), acidification potential (AP), abiotic resource
depletion potential (ARDP), and human toxicity potential (HTP) in
their life cycle impact assessments (LCIA). Furthermore, Pascale
et al. (2011) assessed the additional environmental impact cate-
gories of ozone layer depletion potential (ODP), eutrophication
potential (EP) and photochemical ozone creation potential (POCP),
while Gallagher et al. (2015a), Hanafi and Riman (2015) and
Suwanit and Gheewala (2011) also assessed the fossil resource
depletion potential (FRDP) burden.

The most common environmental impact category presented in
LCA studies is GWP, representing the carbon footprint of a project,
and this typically can be the sole focus of the results in a study (e.g.
Zhang et al., 2016). However, it is important to recognise the value
of results for other specific burdens as this offers a broader
perspective on the overall performance of run-of-river HP in-
stallations, in particular the sustainability of RE technology design
and construction. For example, Hanafi and Riman (2015) and
Suwanit and Gheewala (2011) identified steel, which was used in
the penstock and pipes, as the main contributor to marine aquatic
ecotoxicity potential (MAETP) and HTP, respectively. Thus, an in-
clusion of multiple impact categories can improve the under-
standing of potentially important wider environmental impacts
and associated hotspots, providing a stronger evidence base to
improve the sustainability of run-of-river HP project design.

To date, the majority of previous LCA studies conducted on run-
of-river schemes are mini-to medium-scale installations of be-
tween 100 kWe100MW, and analysis was typically restricted to
the GWP burden (Donnelly et al., 2010; Rule et al., 2009;
Premalatha et al., 2014). A limited number of investigations have
examined the environmental impacts of micro-hydropower (MHP)
projects, at a scale of 5e100 kW (Gallagher et al., 2015a; Varun
et al., 2008). Given the growth and potential of MHP projects
(Gallagher et al., 2018; B�odis et al., 2014), this assessment is needed.
This study presents a detailed account of LCA results in the con-
struction of eleven individual MHP projects of a similar size
(70e100 kW). This provides an opportunity to examine environ-
mental impact variations associated with design and construction
details for multiple MHP projects of the same scale, following the
same precise methodology and capturing detailed information
relating to their installation.

2. Methods

2.1. Goal and scope

This study applies LCA methodology to quantify the environ-
mental impacts associated with the construction phase of a selec-
tion of MHP installations that vary in their design and construction.
The LCA has been conducted in accordance with ISO 14040 and
14044 guidelines (ISO, 2006a, 2006b). The functional unit selected
for this study was 1 kWh electricity generated. This has been used
by previous LCA studies of run-of-river HP schemes, and it allows
for a comparison of results between this investigation and previous
LCA results (Gallagher et al., 2015a; Arnøy andModahl, 2013; Arnøy,
2013; AXPO, 2012; Hanafi and Riman, 2015; Pascale et al., 2011;
Varun et al., 2008).

Taking into consideration data availability for the construction
phase, including details on transportation, processing and raw
materials, a ‘cradle-to-gate’ system boundary was selected. The
analysis accounts for the product manufacturing and construction/
installation of the MHP schemes investigated only. The burdens
relating to the operational and disposal phases of the MHPs life
cycle were not included in this study, as operational were difficult
to quantify and considered to be negligible compared to
construction-related impacts, i.e. 1% (Vattenfall, 2018), while pre-
dicting future disposal was not deemed feasible as demolition of
MHP are uncommon (Varun et al., 2008). The details of key pro-
cesses considered are represented in Fig. 1.

A contribution analysis was performed as part of the LCIA to
quantify the primary contributions to the environmental burdens



Fig. 1. Process map and LCA system boundary for constructing the MHP schemes.
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associated with the construction of the MHP projects. It allows for
an exploration of opportunities to mitigate embodied environ-
mental impacts in the construction of future MHP projects.
Furthermore, an uncertainty and sensitivity analysis was conducted
to examine the robustness of LCA results.
2.1.1. Micro-hydropower case studies
The eleven selected run-of-river MHP schemes were con-

structed in north Wales between 2014 and 2015, and have a design
capacity ranging from 70 to 100 kW. The steepmountainous terrain
and high rainfall (Figure S1 in the Supplementary Information (SI))
with many small rivers and streams make the region an attractive
location to develop low (>30m), medium (30e60m) and high
(>60m) head MHP schemes. The location of the MHP plants
investigated are predominantly within Snowdonia National Park in
Wales (Fig. 2).

Based on monthly precipitation measurements 2008e2017,
average spring (83± 38mm) and summer (113± 46mm) precipi-
tation in Wales was much lower than autumn (137± 62mm) and
winter (170± 71mm) precipitation (Met Office, 2018). As water
flow in the river is dependent on precipitation, the output of
electricity at the selectedMHP sites varied throughout the year and,
on average, generating more electricity in the autumn and winter
months.

All the MHP schemes shared the same components: weir,
intake, penstock, powerhouse including turbine and generator and
tailrace. The details of each MHP installation investigated are
included in Tables S1-S3 in the SI.
2.2. Life cycle inventory (LCI) data collection

Primary data related to the MHP installations were collected
from the following sources for each site:

� Approved drawings e general manufacturing system layout
drawings, including electricity generation plan;

� Detailed drawings e included further details of intake, penstock
and power house structures;

� Bills of quantities and actual datae a detailed list that contained
all the materials used in the design process. Construction and
manufacturing processes (e.g. excavation works, welding
galvanizing steels, etc.), transportation and logistics for com-
ponents were also provided by contractors, suppliers and proj-
ect managers.

The detailed drawings and supporting bill of quantities provided
the most important data, such as quantity of raw materials, details
of construction andmanufacturing processes, energy consumption,
and transportation. This was important to ensure the accuracy of
the LCA results, as Gallagher et al. (2015b) highlighted the impor-
tance of including multiple small component contributions to the
overall footprint of MHP electricity. In general, the life cycle in-
ventories for raw materials used were expressed in kg or m3, while
electricity and fuel consumptions were represented as kWh andMJ,
respectively. The list of major items and processes considered for
each HP scheme during LCA procedure is provided in Tables S2 and
S4-S8 in SI.

A small number of data were not available for some sites,
therefore as the same consultants designed each scheme, the
specifications were replicated for some components from other
schemes with similar characteristics, e.g. data for a single Turgo
turbine was replicated for all schemes, whilst excavation works,
sensing cable, and fixings data were replicated for some sites with
missing data. The LCI also used some secondary data sources such
as the Ecoinvent v.3.2 database (Ecoinvent, 2015) accessed via the
open-source software OpenLCA (Open, 2017).
2.3. Impact categories and indicators

Prior to quantifying the potential environmental impacts of the
MHP schemes, LCIA impact categories were selected. The CML-IA
baseline method is an appropriate method to assess the key envi-
ronmental impacts associated with MHP installations (CML, 2016).
The following five impact categories were chosen from the CML-IA
baseline method: global warming potential (GWP); acidification
potential (AP); human toxicity potential (HTP); abiotic resource
depletion (ARDP); fossil resource depletion potential (FRDP) (CML,
2010). These impact categories map on to three broad areas of
environmental impact e ecosystem damage, human health and
resource scarcity. Previous LCA studies of micro-hydropower have
used this CML-IA baseline method, and considered similar impact
categories to those selected for this study (AXPO, 2012; Gallagher



Fig. 2. Locations of the eleven micro-hydropower schemes investigated in this LCA study.
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et al., 2015a; Hanafi and Riman, 2015; Suwanit and Gheewala,
2011).

As sustainable design is a key consideration and a technical
focus of this study, and LCA has the scope to inform more envi-
ronmentally sustainable design of MHP and other RE technologies,
this study focused on the embodied construction and
manufacturing burdens of these MHP installations. As such, the
boundary conditions of this investigation and the impact categories
selected reflect a focus on selecting burdens that are representative
of ecosystem damage, human health and resource scarcity in
different ways. However, the underlying focus is how the LCA re-
sults can identify hotspots and inform better design, and the se-
lection of the five impact categories are considered to adequately
capture this consideration. The use of these five impact categories
to accurately capture major contributors to ecosystem damage,
human health and resource scarcity was previously demonstrated
by (Gallagher et al., 2015b).

2.4. Assumptions and limitations

Due to limited data and data quality constraints involved in the
LCI phase for some MHP case studies, several assumptions were
made to facilitate the LCA study (see Table S3 in SI.) based on
consultation with MHP contractors, designers and developers.
These included defining the specifications of the control panel and
generator for each site, as data were limited for these components
of the projects. In other cases, the impact category data for the
listed items were obtained from Ecoinvent v.3.2 (Ecoinvent, 2015).
The approach to this LCA study is from a technical engineering

perspective to examine burden hotspots which can support op-
portunities for reducing associated environmental impacts in the
future. By considering five impact categories, in addition to a pre-
dominant focus on quantifying embodied construction and
manufacturing impacts related to MHP projects, there is clear
omission of associated ecological impacts of construction on e.g.
local flora and fauna in the river. Distinct site-specific characteris-
tics present a challenge in quantifying the future impacts of con-
structing these MHP projects, therefore the boundary conditions of
this study omit this aspect from the operational life cycle results.

2.5. Interpretation and analyses of LCA results

The results for the eleven MHP project were compared for each
of the five impact categories to identify any similarities and dif-
ferences in terms of the main material and associated burden
contributors between the schemes. Graphical representations of
environmental impacts across five major MHP design and con-
struction categories (Intake, Penstock, Powerhouse, Mechanical &
Electrical (M&E), and Site visits) for individual schemes were pre-
pared to determine which scheme sections made the greatest
contributions to environmental burdens. In a similar manner, re-
sults were broken down according to the main materials used
(categorized as Concrete & Aggregate, Metals, Plastics, Processes,
Transport, Wood and Others). This contribution analysis informed
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exploration of potential improvements for MHP designs to mitigate
embodied environmental impacts in the construction of MHP
plants.

A normalization of the impact category results was undertaken
to compare environmental performance of each MHP scheme
across impact categories. The reference value used for the
normalization step was based on the average annual per capita
environmental impact in the EU-25, obtained from the CML char-
acterization database (CML, 2010).

2.5.1. Uncertainty and sensitivity analysis
Sensitivity analyses were conducted as per scenarios listed in

Table 1 to evaluate the effect of the environmental impacts of the
MHP installations. The sensitivity analysis examined the robustness
of the LCA results, quantifying themargin of error that may occur in
deviations in the environmental impacts for each scenario. Sce-
narios 1e3 consider possible uncertainties in the results by
assessing the impact of under- or over-estimations in the data
obtained for material, transport or excavation demands. Scenarios 4
and 5 present sensitivity and mitigation related impacts when
modifications in the design and construction these MHP
installations.

3. Results & discussion

3.1. Contribution analysis

An analysis was conducted to quantify the contribution of each
material or process towards each impact category, and the results
presented per kWh of electricity generated for each MHP installa-
tion, separated into material contributions, are displayed in Fig. 3.

Fig. 3 illustrates how plastics, metals and concrete production
(embodied burdens) are the primary environmental burden con-
tributors for these MHP installations, while transport, and con-
struction and manufacturing processes contribute to a lesser
degree. The mean and standard deviation burdens across the MHP
projects were as follows: 7.19± 3.09 g CO2 eq. for GWP;
0.031± 0.010 g SO2 eq. for AP; 13.5± 8.3 g 1,4-DCB eq. for HTP; 7.1E-
05± 3.1E-05 g Sb eq. for ARDP; and 0.136 ± 0.049MJ for FRDP.
Based on previous LCA investigations, results were comparable for
GWP for three MHP installations constructed in India and assessed
in Varun et al. (2008), and for each of the five impact categories for
three MHP projects developed in the UK examined by Gallagher
et al. (2015a).

The contribution of concrete and aggregates towards the con-
struction of the MHP installations examined in this study accoun-
ted for 25e44%, 7e27% and 7e17% of the GWP, AP and FRDP
burdens, respectively. Concrete and aggregate materials were
mainly used for constructing the intake weir and the powerhouse,
and these materials represent the second or third largest contrib-
utor across all categories, although they represent less than 5% of
HTP and ARDP burdens on average.
Table 1
Uncertainty and sensitivity analysis scenarios considered in the life cycle impacts associ

Scenario Reason for each scenario

1. 10% variation in raw material
quantities

To account for possible variances in quan

2. 50% variation to distance of materials
to be transported to site

To determine the impact of additional or
installation

3. 100% variation in rock excavation Consider the possibility of doubling or ha
4. No excavation required for penstock

(placed above-ground)
Account for a reduction in excavation req

5. Replacing materials in powerhouse
e.g. wood frame for concrete

A timber-structured powerhouse offers t
Metals were predominantly responsible for the largest share of
ARDP (79e98%), HTP (86e98%) and AP (29e67%) burdens, while
also making a large contribution to GWP (9e23%) and FRDP
(7e17%) categories. Steel and copper were the two metals most
commonly used in each of the MHP installations. They were
required for some of the pipe connections and the electrical and
mechanical equipment i.e. turbine, generator and electrical con-
nections (five-core copper steel wired armoured cable). The HTP
and ARDP impacts associated with Scheme 5 were significantly
higher than other MHP installations due to a required upgrade to
three-phase HV cable. Since copper is one of the main contributors
towards HTP and ARDP burdens, this cable upgrade meant that
Scheme 5 had comparatively high total HTP and ARDP burdens
(Fig. 3).

High contributions for the FRDP, GWP and AP burdens were
attributed to plastics used in the MHP installations, equating to
56e77%, 27e49% and 19e45% of these burdens, respectively. This
was due to large quantities of high-density polyethylene plastic
pipework required for each project.

Transport burdens were evident for FRDP, GWP and AP, ac-
counting for 4e20%, 5e12% and 4e10% of these impact categories,
respectively. A notable 11% of the environmental impact was
associated with construction and manufacturing processes for all
components for a single MHP installation (Scheme 1). The cumu-
lative environmental contributions of other materials, such as glass,
were negligible for all impact categories. As wood is considered as a
material that sequesters carbon over its lifecycle in the LCA data-
base, it presented unique results for the GWP burden by offsetting
an average 2% of GWP burdens for the MHP installations. Wood
contributed less than 0.5%, on average, towards other impact
categories.

Schemes 1 and 5 presented distinctly higher environmental
impacts than all other sites. For Scheme No.1, the higher burdens
were evident for all materials and processes in this MHP installa-
tion, across all impact categories, with large contributions related
to construction and manufacturing processes, and concrete and
aggregate. This was due to the MHP installation at Scheme No.1
requiring a more robust turbine design and larger generator due to
its low head characteristics. As previously stated for Scheme No.5,
the requirement for a large quantity of additional copper for the
upgrade of nearly 3-km of a single-phase HV power connection to a
three-phase HV cable led to high AP and ARDP impacts. These
distinct results for Schemes No.1 & No.5 demonstrate the unique
characteristics of some MHP installations which presents chal-
lenges for generalising on the environmental performance of MHP
electricity, and for undertaking accurate LCA of specific projects
with limited data.

3.2. Uncertainty and sensitivity analysis

Table 2 presents the uncertainty and sensitivity analysis results
which consider the impact of inaccuracies in material quantities
ated with the construction of micro-hydropower installations.

tities of raw materials (e.g. concrete, steel, etc.) required for MHP construction.

reduced transportation requirements for materials and components for each MHP

lving the required rock excavation due to different riverbed characteristics
uirements by installing the penstock above ground

he same building requirements as a concrete block building



Fig. 3. Material and process contributions towards environmental impacts associated with the construction of the eleven MHP schemes for (a) GWP, (b) AP, (c) HTP, (d) ARDP and (e)
FRDP (results are expressed per kWh generated over projected 50-year lifespan).

Table 2
Summary of impact category results for uncertainty and sensitivity analysis scenarios with the life cycle impacts associated with the construction of the MHP installations.

Uncertainty and sensitivity analysis scenarios Percentage difference for each impact category

GWP AP HTP ARDP FRDP

Scenario 1: 10% difference in material quantities ±4.6e6.3% ±4.2e7.3% ±2.4e7.9% ±1.1e6.7% ±5.7e7.7%
Scenario 2: 50% difference in distance of material transportation to site ±2.5e5.8% ±1.8e4.7% ±0.2e1.2% ±0.3e1.6% ±1.8e4.4%
Scenario 3: 100% difference in rock excavation ±0.1e0.2% ±0.1e0.3% <±0.1% <±0.1% ±0.1%
Scenario 4: No excavation required for penstock (placed above-ground)* (0.3e0.9%) (0.3e1.2%) (<0.1%) (<0.1%) (0.2e0.8%)
Scenario 5: Alternative powerhouse materials e.g. wood frame for concrete* (6.3e12.2%) 0.1e0.7% <0.1% <0.1% <0.1e0.3%

* Negative values are presented in brackets () and represent a reduction in the environmental impact of the MHP projects.
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consumed, manufacturing and transport variations, and replace-
ment of materials with reduced environmental impacts. It sum-
marises the findings related to each scenario investigated, as
shown in Table S9 in the SI. The first three (Scenarios 1, 2 and 3)
account for the potential underestimation of the data obtained
(uncertainty analyses). Scenarios 4 and 5 consider methods to
reduce the overall impact associated with constructing the MHP
case studies (sensitivity and mitigation analyses).
A 10% difference in the consumption of raw materials in the

project, as considered in Scenario 1, would relate to the greatest
change in the results for each MHP installation across all environ-
mental impact categories examined, leading to a variation of up to
7.7% in total burden across impact categories.

In comparison, Scenarios 2 and 3 considered a 50% variance in
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material transport and a 100% variance in rock excavation respec-
tively. For Scenario 2, the 50% variance in transportation impacts
could affect the results by between ±1.8% and ±5.8% for GWP, AP
and FRDP categories and a lesser ±0.2e1.6% for HTP and ARDP.
Doubling or halving the total quantity of rock excavation in the
project, as considered in Scenario 3, was shown to generate a ±0.2%
variation in the environmental burdens for the MHP projects.

Scenarios 4 and 5 were presented as methods to reduce the
overall environmental impacts of the MHP installations. Scenario 4
considered the installation of the penstock and all pipework above
ground, thus negating the requirements for any soil or rock exca-
vation. However, a covered penstock pipe protects against frost
damage, mechanical damage and UV degradation of the pipes
(CETC, 2004; PPI, 2008). Reforesting around an exposed penstock is
an alternative method to protect the infrastructure (Ramos and de
Almeida, 1999), and would concurrently help offset GHG emissions.

This provided marginal reductions in the environmental impact
of the projects, with a maximum reduction for some MHP in-
stallations of 0.8e1.2% for GWP, AP and FRDP impacts, while re-
ductions less than 0.1% were noted for HTP and ARDP. In contrast,
the consideration for replacing the concrete powerhouse with a
wood frame structure in Scenario 5 reduced the GWP burden of
each project by 6.3e12.2%. However, it presented marginal in-
creases of up to 0.7% in the overall burden for all other impact
categories for each scheme. This result relates to wood acting as a
carbon sink, thus the replacement of concrete block walls with
hardwood timber frame and cladding offers a reduction in the GWP
burden for these projects. As the powerhouse at Scheme No.3 used
local stone as opposed to other schemes which used concrete
blocks, the selection of local materials, either wood or stone, is
important to consider and can reduce transport and manufacturing
burdens of these projects.

High head MHP projects also presented a greater sensitivity in
Scenario 2 as material transport to the weir location and the
installation of pipework was more challenging. Despite the low
sensitivity to rock excavation in Scenario 3, high-head MHP in-
stallations were the most sensitive to change as the river bed at
higher head schemes have a more rock-strewn environment with
high gradients. Overall, the low and high head MHP scheme were
the least and most sensitive to changes in values of input data,
respectively.

3.3. Normalized results of MHP case studies

To observe the overall environmental performance of the MHP
case studies, each impact category was normalized with respect to
European reference values obtained from CML characterization
database (CML, 2010).

3.3.1. Size of MHP installation
Table 3 presents the normalized results for the four different
Table 3
Normalized impact category results presented as mean and standard deviation of instal
phase.

Installation Environmental im

Size No. of installations Value GWP

70 kW 1 Mean 6.66E-07
St Dev e

85 kW 1 Mean 6.75E-07
St Dev e

90 kW 2 Mean 1.10E-06
St Dev ±3.59E-07

100 kW 7 Mean 5.42E-07
St Dev ±1.86E-07
sizes of MHP installations and for all five impact categories.
The results suggest a relative reduction in the environmental

burdens results for larger size MHP installations, and moreover, a
greater confidence in the 100 kW MHP projects results can be
attained as seven of the eleven MHP schemes were of this size of
installation. However, it was evident from the 85 kW (Scheme No.5)
and 90 kW (Schemes No.1 and 9) installations that site-specific
characteristics can influence variation of the environmental im-
pacts of a MHP project, for example selecting boundary conditions
which incorporates the inclusion of a grid connection based on
availability presented significant increases in the ARDP burden for
Scheme No.5. In addition, indications site characteristics, such as a
low head turbine designwhich requires amore robust MHP turbine
can increase raw material demands. As such two schemes with the
same design capacity for generation, and with the same functional
unit, may generate distinct results as the boundary conditions of
the MHP and design characteristics affect the final results.

3.3.2. Environmental impacts vs. head & flow variations
The results in Fig. 4 compare the fit equations, presented as

logarithmic trendlines, for the environmental impacts versus the
head/flow ratio of all installations compared to the grouping of sites
that excludes MHP Schemes No.7, 8 & 9. These results aim to help
determine whether equations can be generated to estimate the
burdens associated with a MHP project based on known head and
flow characteristics at a site. For three of the five impact categories
consideredeGWP, AP and FRDPe the fit of the equations improved
when the three schemes were removed as outliers. The capacity
factors of Schemes No. 7e9 were low in relation to their high head
characteristics. The specific burden categories where improved fit
for the equations were observed appeared to relate to plastic pipe
demand for projects; outlier schemes appeared to have atypical
pipe requirements due to distinct capacity factors and head and
flow parameters. There was no evident relationship between HTP
and ARDP burdens and head to flow ratio across the MHP projects.

The turbine selection for low head and high flow schemes re-
quires a more robust installation i.e. larger crossflow turbine with
greater material demands for installation, which can lead to larger
GWP and FRDP burdens. The results demonstrate how head and
flow characteristics alone do not allow for an accurate calculation of
the environmental impact of any MHP installation. In particular, it
does not appear feasible to accurately estimate results for a large
number of different burden categories using simple equations
related to head and flow, based on results from a respectable subset
of similar capacity MHP installations in this study.

4. Conclusions

The LCA results demonstrate material hotspot contributors such
as production of concrete and aggregates, metals and plastics to the
embodied environmental burdens in the construction of MHP
led capacity for each size classification of MHP installation during the construction

pact category

AP HTP ARDP FRDP

5.67E-07 8.87E-07 5.28E-07 2.14E-06
e e e e

6.01E-07 1.10E-06 5.73E-07 1.98E-06
e e e e

7.23E-07 8.60E-07 4.40E-07 3.05E-06
±1.25E-07 ±1.82E-08 ±7.01E-08 ±4.19E-07
4.43E-07 7.46E-07 3.31E-07 1.70E-06
±1.69E-07 ±6.21E-07 ±1.84E-07 ±6.13E-07



Fig. 4. Environmental impacts vs. head/flow ratio in the construction-related burdens of each run-of-river MHP installation for all sites versus subset of sites (excluding sites No.7, 8
& 9) for impact categories (a) GWP, (b) AP, (c) HTP, (d) ARDP and (e) FRDP.
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installations. Changes in material demands in constructing MHP
installations can therefore significantly impact upon the overall
project burdens. This was evident in one low-head installation that
required significantly larger quantities of materials, and this
translated as the scheme with the highest GWP, AP and FRDP
burdens. The use of alternative materials in construction has po-
tential to reduce environmental impacts of MHP energy e.g. sub-
stitution of concrete powerhouse structures with wooden
structures can notably reduce GWP burden. One MHP installation
presented comparatively high HTP and ARDP burdens due to the
requirement for a 3-km grid connection upgrade for exporting
electricity. This finding suggests that strategically positioning the
generator during the planning process can reduce the overall
environmental impacts in constructing a MHP installation.

The environmental impacts of the MHP case studies demon-
strated how the construction of larger MHP projects had a lower
environmental performance. Variations in results were noted to
be linked to different construction methods and the selection of
turbines to meet the requirements for each scheme. These differ-
ences were due to high-head schemes having a higher generation
capacity whilst requiring similar sized intakes and pipes, and small
turbines. This translated as reduced demands for construction
materials and site excavation works per kWh of electricity. Despite
the relationship between the environmental impacts of a MHP
project and the size of the installation, there is no simple method of
quantifying the associated burdens for all impact categories.

The LCA results from this study demonstrate the clear distinc-
tions in the embodied burden results associated with the con-
struction of MHP projects that are of a similar size. This reinforces
the need for independent LCA case studies to be undertaken for
renewable energy projects. Such studies can inform improved
design and construction opportunities, with respect to material
selection and site design characteristics, which can potentially
enhance the environmental performance of these installations in
line with circular economy principles.
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