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Ailr pollutants externalities associated with the
life cycle of renewable energy sources power
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Abstract— Preventing dangerous climate change is a strategic
priority for almost countries. The aim of the present work is to
estimate and compare the air pollutants externalities associated with
the life cycle of renewable energy sources power plants. This is being
realized by applying the NEEDS framework to quantify the external
cost, as well as the basic principles of the Life Cycle Assessment
(LCA) methodology. The examined external cost has been calculated
for five types of power plants (biomass-fired, hydro, photovoltaic,
wind and geothermal ones). The results are given per impact type
(human health, loss of biodiversity, crop yield, material damage and
climate change) and show that this cost seems to be considerable for
the biomass-fired and geothermal power plants, much lower for
photovoltaic installations and practically insignificant for hydro and
wind power plants. Regarding the impact categories, the biodiversity,
the crop yield and the health of people are affected mostly by the
biomass-fired and the geothermal power plants while the hydro, wind
and photovoltaic installations have an effect on the climate. The
general limitation of the external cost methodology applies to this
work. Similarly, the data limitations as well as the assumptions
related to the LCA framework may affect the results.
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renewable energy sources
ENERGY production and consumption generates pollutants
(air, water, soil), whose impact needs to be reduced as far
as possible. As tackling climate change is one of the five
headline themes of the wide-ranging Europe 2020 policy,
European legislation is forcing European Union member
states, towards a secure, sustainable and competitive energy
market by stimulating innovation in clean technologies such
as renewable energy and energy efficiency [1]-[2]. Energy
supply sector in 2011 was responsible for some 33% of
greenhouse gas emissions of total greenhouse gas emissions in
the 28 EU countries [3]. Considering that carbon dioxide
concentrations globally have increased by 40% since pre-
industrial times, primarily from fossil fuel emissions [4], an
appropriate understanding of greenhouse gases (GHG)

I. INTRODUCTION

D. A. Georgakellos is Professor at University of Piraeus, Department of
Business Administration, 80, Karaoli & Dimitriou St. 185 34 Piraeus,
GREECE (phone: +30 210 414 2252; fax: +30 210 414 2339; e-mail:
dgeorg@unipi.gr).

E. A. Didaskalou, has a PhD in Business Administration and is with
University of Piraeus, Department of Business Administration (e-mail:

edidask@unipi.qgr).

ISSN: 2308-1007

154

emission characteristics of various power generation systems
from an environmental perspective is required [5]. Alongside,
the external cost estimations due to environmental impacts of
airborne emissions from conventional electricity generation
systems can be an important policy tool [6]. Moreover, since
climate change is a global issue, and does not respect national
boundaries serious, consideration is currently being given to a
range of international and local policy actions to reduce
carbon dioxide emissions and their potentially damaging
effects on the climate [7]-[8].

Energy services and resources will be increasingly affected
by climate change which has direct effects on energy
endowment, infrastructure, and transportation and indirect
effects through other economic sectors [9]. In conclusion a
high penetration of renewable energy beyond 2020 is a pre-
requisite for a secure, zero-carbon energy system, thus many
policies are supporting the transition to renewable energy
sources [10]-[11]. The use of renewable electricity in
European Union in 2010 was 641.7 TWh of which 333.7
TWh from hydro power, 155.1 TWh from wind power
followed by biomass (123.6 TWh), solar (23.2 Twh),
geothermal (5.6 TWh) and marine (0.5 TWh) [12].

On the other hand, achieving a low-carbon energy system
requires further measures in addition to a carbon price,
including the removal of potentially environmentally harmful
subsidies, setting targets for renewables, and energy efficiency
and increases in research and development and awareness-
raising. A low carbon energy system is expected to result in
additional benefits, including ancillary environmental benefits,
enhanced security of supply, and potential beneficial effects
for employment [13]. As for the role of renewable energy
resources in sustainable energy systems, it has to be pointed
out that the necessary contribution of the renewable electricity
sector will not come by itself. Without increased political
support, especially in the field of fair grid access and
regulatory measures to ensure that the current electricity
system is transformed to be capable to absorb these amounts
of renewable electricity, the expected growth is questionable
[14]. However, the cost of renewable electricity supporting
measures should also be appraised in comparison to the
climate change external cost avoided as a result of them.

In this context, the present work attempts to investigate the
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generation from renewable energy sources (RES), making a
comparison among them. However, when comparing
environmental issues of different options fulfilling a similar
function, it is important to consider the complete life cycle and
not only one phase, e.g. production or use. This is because
environmental impacts and benefits may occur at different
phases of the life cycle. The most important phases may not
be the same when two options are compared [15]. Thus, a life
cycle approach is needed and, more precisely, the Life Cycle
Assessment (LCA) methodology should be used. LCA is the
scientific approach behind modern environmental policies and
business decision support related to sustainable consumption
and production [16]-[17]. Specifically, LCA is a method for
evaluating the environmental impact associated with a
product, process or activity during its life cycle by identifying
and describing, both quantitatively and qualitatively, its
requirement for energy and materials, as well as the emissions
and waste released to the environment [18]-[19].

Life Cycle Assessment was originally developed to create a
decision-making tool, which is aimed at a systematic
assessment of the environmental performance of products
systems due to the increasingly interested of general public in
the environmental quality of products and production
processes [20]-[21]-[22]-[23]. The prime purpose of LCA, is
to support the choice of different (technological) options for
fulfilling a certain function by compiling and evaluating the
environmental consequences of these options [24].

During the evolution of LCA, a number of related
applications emerged, such as decision-making support,
choice of environmental performance indicators, product
design and market claims etc and this variation is also
reflected in the level of sophistication and to some extent also
in the choice of methodology [25]-[26]. LCA provides a
consistent basis for comparisons between alternatives based
on the environmental consequences associated with them,
however it is fundamental to apply the life cycle vision and
take into account both the economic and environmental costs
when identifying the most eco-efficient technology [27]-[28]-
[29]. However, results from an LCA can mainly be used for
identification of parts and aspects of a life cycle where
improvements in the environmental performance are important
[30]-[31].

The philosophy adopted by LCA is that the true extent of
the environmental burden can only be understood if all steps
in the delivery, use, and eventual disposal of the product or
service are accounted for in the final analysis. As a
consequence 1SO has sponsored the development of a series
of international standards to describe a consistent
methodology. The ISO 14040 series of standards, which is
part of the ISO 14000 series on environmental management, is
the result. The umbrella standard is ISO 14040 Life Cycle
Assessment-Principles and Framework. It summarizes the aim
of LCA in the following way: LCA is a technique for

LIFE CYCLE ASSESSMENT OF POWER GENERATION SYSTEMS
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assessing the environmental aspects and potential impacts
associated with a product, by compiling an inventory of
relevant inputs and outputs of a product system; evaluating the
potential environmental impacts associated with those inputs
and outputs and interpreting the results [32].

In this context, the LCA methodology is described by four
phases: (1) goal and scope definitions; (2) inventory analysis;
(3) impact assessment; and (4) interpretation [33]-[34]. The
foundation of a product LCA is the inventory component,
where energy, raw materials and environmental releases are
measured [35]-[36]. Specifically, the task in the Inventory
stage is to trace (ideally) all inputs to and outputs from every
stage in the life cycle back to the associated terminal inputs
from and outputs to nature (the environment). The flows may
usefully be segregated into inputs of materials and outputs of
wastes to air, land and water. In practice, it may not be
possible to follow all of the input flows all the way back to the
extraction of resources from the environment, but where this
is so it must be acknowledged in the study report and the
consequences (for the use of the report) should be assessed
[37].

The use of LCA in environmental management and
sustainability has grown in recent years as seen in the steadily
increasing number of published papers on LCA methodology
and on case studies that have been performed to use LCA
[38]. As a result, life cycle management is quickly becoming a
well-known and often used approach for environmental
management in the energy sector as well and, thus, LCA
studies of different energy products [39], fuels [40]-[41],
power generation systems [27]-[42]-[43] and relevant
technologies’ appraisals [44]-[45] are very common.

In the present work, the life cycle inventory concept is
being used in order to quantify the atmospheric emissions
associated with each RES power generation technology under
examination (biomass-fired, hydro, photovoltaic, wind and
geothermal). It is process-oriented, involving consideration of
the individual technologies of interest. All energy systems are
described on a “cradle to grave” basis, from the stage of
extracting raw materials from the environment through
downstream processes, with each stage in the chain being
decomposed into construction, operation and dismantling
phases [46]. In the power sector, the assessment should
include extraction, processing and transportation of fuels,
building of power plants, production of electricity and waste
disposal [47]. The life cycle stages considered in this analysis
for the RES power plants under examination are presented in
Fig. 1to 3.

I1l. EXTERNAL COST OF POWER GENERATION SYSTEMS

The external costs of energy are the costs not reflected in
the market price, well over 100% for some energy sources
[48], [49]. Comparative information on health and
environmental impacts of various energy systems can assist in
the evaluation of energy options [50]. In order to appraise the
environmental power plants impacts of various electricity
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production technologies, one of the most widely accepted
approach today relies on external costs i.e. monetary value of
damages caused by electricity production. External costs are
imposed on society (e.g. human health) and the environment
(e.g. built environment, crops, forests and ecosystems) and are
not accounted for by the producers or the consumers of
electricity [51]. Generally, monetary estimates of both market
and non-market damages are ideally expressed in the form of
willingness to pay, or willingness to accept compensation.
Willingness to pay measures the amount of income a person is
willing to forgo in exchange for an improved state of the
world, and willingness to accept compensation is an estimate
of the compensation required in order to accept deterioration
[52] Estimates of future economic damages resulting from
atmospheric pollution have an important impact on policy
decisions being made today. Reducing airborne emissions and
protecting ourselves from those impacts will be costly, but a
failure to act to address these impacts would be even more
expensive [53] and will affect the quality of life (QLF) as
environmental aspects are one of the most important aspects
for improving human life quality [54].
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Fig. 1 The process stages of electricity generation in biomass-fired
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Fig. 2 The process stages of electricity generation in hydro,
photovoltaic and wind installations
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Fig. 3 The process stages of electricity generation in geothermal
power plants

Several authors have attempted to publish estimates of
annual climate change damages. Most of the estimates are
comprehensive because they address market and non-market
impacts. They based their estimates on different assumptions
about the rates of climate change and sea level rise, rates of
return on investment, and changes in population and income.
Such a comprehensive estimate concerning the United States
estimates that in 2012, the federal government spent $96
billion to clean up the disastrous effects of climate disruption
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[53]. Moreover, the Intergovernmental Panel on Climate
Change (IPCC) has concluded that the costs of reducing
emissions to stabilise atmospheric greenhouse concentrations
rise with successively lower levels of stabilisation [55]. On the
other hand, emissions seem to increase much faster in
developing countries than in developed countries [56].
Regarding Europe existing socio—economic vulnerabilities
may be exacerbated by the impacts of climate change.
Significant reductions in damage costs can be achieved by
global and European mitigation policies, consistent with the
UNFCCC 2 °C objective, in combination with adaptation
actions [57].

Regarding the biomass-fired power plants, one should note
the following: power production from biomass is often said to
be carbon neutral [58]. In other words, the biomass fuel cycle
is considered as CO,-free. Since the CO, absorbed during the
growth of biomass equals the CO, released during its
conversion. The only amounts of CO, from the cycle that are
contributing to the global warming phenomenon are that
released from the combustion of fossil fuels used for biomass
production and transportation [59]-[60]. In some instances it is
claimed that carbon sequestration to plant and soil, along with
non-invasive farming methods make biomass electricity
carbon negative, that is, less carbon is emitted than is removed
from the atmosphere overall. Many authors assert carbon
neutrality, with emissions from combustion balanced by
carbon capture of the next crop. There is inevitably some
fossil fuel usage not balanced by this equation, resulting from
fertiliser, cultivation, collection and transportation. According
to some authors, harvest methods that remove vegetation at or
above soil level, leaving roots in the soil, leave sufficient
carbon to balance all other emissions and maintain carbon
neutrality [58]. Concerning the release of methane (anaerobic
decomposition of residues), it was found out that even a 1%
methane production rate has important impacts on the GHG
balance since removing forest residues to produce electricity
would avoid the release of methane and a GHG credit should
be included in the assessment [61].

IV. ESTIMATION OF LCA EXTERNAL COST OF RES POWER
PLANTS

Electricity is a key factor for economic and social
development, but all energy systems emit greenhouse gases
(GHGs) and contribute to anthropogenic climate change [62].
It is now widely recognized that GHG emissions resulting
from the use of a particular energy technology need to be
quantified over all stages of the technology and its fuel life
cycle as the power generation has significant environmental
impacts. The most important being human health impact
(both, increased mortality in term of reduction of life
expectancy as well as increased morbidity, i.e. cardiovascular
and pulmonary problems, due to long or short-term exposure)
caused by air pollutants (particulate matter, nitrogen oxides,
sulphur dioxide, etc) formed during the normal plant operation
[63]. However, impacts from the whole life cycle of electricity
supply and not only the operation of a power plant should also
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be adequately taken into account [64]. A practice for
evaluating the environmental impacts of the energy sector is
the impact pathway methodology developed in the ExternE
project funded by the European Commission. The impact
pathway analysis aims at modelling the causal chain of
interactions from the emission of a pollutant through transport
and chemical conversion in the atmosphere to the impacts on
various receptors, such as human beings, crops, building
materials or ecosystems. Welfare losses resulting from these
impacts are transferred into monetary values based on the
concepts of welfare economics [65]-[66]. Impact pathway
assessment is a bottom-up-approach in which environmental
benefits and costs are estimated by following the pathway
from source emissions via quality changes of air, soil and
water to physical impacts, before being expressed in monetary
benefits and costs. Generally, depending on the analytical
framework and the target, different methods may be used for
making estimates of external costs. These include: impact
pathway approach, standard price approach and top-down
approach. On the other hand, the ExternE project uses the
bottom-up methodology to assess the external costs related
with electricity generation [67]-[68]-[69].

The calculation of the external cost in our study is based on
the “‘impact pathway’ methodology which has been developed
in the series of ExternE projects, and is further improved
within NEEDS and other related ongoing projects. The
impacts covered by the methods used for external cost
assessment within NEEDS are Human Health, Loss of
Biodiversity, Crop Yield and Material Damage. Regarding
Climate Change, estimates of the damage costs of greenhouse
gas emissions differ not only because the underlying
integrated assessment models represent key climate and socio-
economic relations differently, but also because there are a
number of assumptions to be made to which these estimates
are highly sensitive, which cannot easily be resolved. The unit
damage costs used for quantifying externalities from airborne
pollutants and GHG are summarised in Table | [66].

Table | contains the various pollutants and CO, life cycle
emission factors, of the five power generation technologies
examined here (biomass-fired, hydro, photovoltaic, wind and
geothermal). The construction and operation in each stage
were examined, while the decommissioning in each stage was
excluded. Subsequently Table Il includes LCA atmospheric
emission factors concerning the best currently available
technology of various electricity generation plants, reported in
the literature [27]-[66]-[70]-[71]. However, regarding the
hydro power plant these data refer to the present-day
technology of actual plants in Greece because these
technologies are strongly site-specific. Particularly, the LCA
airborne pollutants of the hydro power plant have been
estimated based on direct relevant information given by PPC
Renewables SA (the subsidiary for renewables of Public
Power Corporation - PPC, the major electricity producer in
Greece). The information concerns a local hydropower plant
(2x85MW) with dam. Specifically, during its construction it
has been used:

153,200 m* of concrete,
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8,800,000 m® of clay, sand and gravel, aggregates etc,

1,775,000 kg of steel,

11,892,568.2 litres of diesel.

The average annual production of energy is about 320
GWhly, while its lifespan is 100 years approximately. For the
calculation of the emission factors it has been considered the
following: the LCA NMVOC (non-methane volatile organic
compounds), NOx, and PM emission factors of concrete for
Greece are 0.0028, 0.0105, 0.0009 kg/m® respectively [72];
the LCA NMVOC, NOx, PM and SO, emission factors of
steel (hot rolled coil) are 0.00072, 0.0078, 0.00372 and 0.0052
kag/kg respectively [71]-[73]; the combustion of 1 litre of
diesel fuel produces around 0.003, 0.0623, 0.0003 and 0.0015
kg of NMVOC, NOx, PM and SO, respectively [74]; the LCA
SO, emission factor of aggregates is 1.48x10° kg/kg, which
has been calculated considering that the bulk density of sand
and gravel is 1300-2000 kg/m® and of clay at mine is 2000
kg/m? [71]-[73]. Regarding the CO, LCA emission factor of
the hydro power plant, it refers to the same plant, as it has
been reported in the literature [27].

Finally, external costs are calculated by multiplying the
relevant life cycle inventory data presented in Table Il with
the unit damage costs derived from the Table I. The results are
shown in Table 11, given per impact type (human health, loss
of biodiversity, crop yield, material damage and climate
change). It should be noted, however, that taking into account
the overall uncertainties related to both the quantification of
external costs as well as to the life cycle specification of
different electricity generation technology configurations, the
data of Table Il provides rather external cost estimates for
typical average configurations than detailed external cost
information, and thus they indicate the order of magnitude of
externalities from the electricity generation technologies
examined here.

V. DISCUSSION AND CONCLUSIONS

In order to better understand the outcome of our analysis, a
radar presentation is used in Fig. 4 to 8. This makes the
appraisal easier since the comparison can be realized
simultaneously in two levels: the first level is the polygon area
and the second level is the impact categories (i.e. the polygon
axes), if there is particular interest. However, as one could
mention, in this chart type, each impact category (health,
biodiversity, crop yield, material damage and climate change)
has its own value axis radiating from centre point. The
problem is that each of these axes should have different scale.

To overcome this problem, normalized impact categories
are used. The latter ones are calculated by dividing each of
them by the larger one of the same kind (i.e. the impact
categories of health for every RES type are divided by this of
geothermal power plants, which is the largest one among
them). Thus, each impact category (e.g. health, biodiversity
etc.) has its own axis scaled from 0 to 1 (for better displaying
the results, in hydro and wind figures, the scale of the diagram
has been adapted from 0 to 0.1). Lines connect all the values
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Table 1. Unit damage costs for air pollutants per impact category

Impact
Pollutant ont health biodiversity crop yield dm;;e;ézl 2':::;2
NMVOC €t 941 -70 189 0 0
NOx €l 5,722 942 328 71 0
PPM (2.5-10 pm) €/t 1,327 0 0 0 0
PPM (< 2.5 pm) €/t 24,570 0 0 0 0
SO, €l 6,348 184 -38 259 0
CO, €nt 0 0 0 0 7

Table I1 Life cycle air pollutants emission factors of various RES power plants

Pollutant Unit RES Type
Biomass ? Hydro ® PV ? Wind © Geothermal ¢
NMVOC kg/kwh 2.22E-04 1.17E-06 7.09E-05 8.05E-06 0.00E+00
NOXx kg/kwh 1.76E-03 2.36E-05 1.36E-04 3.86E-05 2.00E-05
PPM (2.5-10 pm) kg/kwh 4.86E-05 3.22E-07 4.73E-05 1.17E-05 1.00E-05
PPM (< 2.5 pm) kg/kWh 4.25E-05 0.00E+00 2.37E-05 0.00E+00 0.00E+00
SO, kg/kwh 5.31E-04 8.99E-06 2.33E-04 3.83E-05 2.71E-03
CO, kg/kwh 1.80E-02 2.51E-03 5.52E-02 9.56E-03 1.31E-01
Table 111 LCA external costs of various RES power plants
Impact type
RES Type unit Health Biodiversity Crop Yield D'er?]t;;al C?\I;nmgaete Total
Biomass €/kWh 1.48E-02 1.74E-03 5.99E-04 2.62E-04 1.26E-04 1.75E-02
Hydro €/kWh 1.94E-04 2.38E-05 7.62E-06 4.00E-06 1.76E-05 2 ATE-04
PV €/kWh 2.97E-03 1.66E-04 4.92E-05 7.00E-05 3.86E-04 3.64E-03
Wind €/kWh 4.87E-04 4.28E-05 1.27E-05 1.27E-05 6.69E-05 6.22E-04
Geothermal €/kWh 1.73E-02 5.17E-04 -9.64E-05 7.03E-04 9.14E-04 1.94E-02

forming a polygon (the LCA polygon). In general, a radar
diagram compares the aggregate value of a number of data
series. Therefore, it is evident that the RES type that covers
the most area represents the worst environmental
performance.

Consequently, a first remark that could be done is that, in spite
that the analysis concern RES technologies, it does exist
external cost (even if it is almost negligible in some cases)
associated with their life cycle. Specifically, this cost seems to
be higher for biomass-fired and geothermal power plants,
much lower for photovoltaic installations (a considerable
source of alternative energy [77]) and practically insignificant
for hydro and wind power plants. Regarding the impact
categories, the biomass-fired power plants affect mainly the
biodiversity, the crop yield and the health of people, while the
geothermal power plants have damages on health, climate and
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materials. The impacts of hydro, wind and photovoltaic
installations are less important and concern principally the
climate change issue.

On the other hand, regarding the reliability of the above
findings, one should mention the followings: As regards the
LCA concept, in recent years, many workers have examined
the implications of various sources of uncertainty for the
reliability of Life Cycle Assessment. More precisely, even
though LCA is a powerful tool to assess the environmental
impacts of products/services, some important limitations have
been identified in recent year. The main limitations are related
to the LCA methodological approach, especially data quality
and collection, definition of the system, time boundaries, and
process modelling. The time aspect is often critical in
including or excluding some effects of the systems under
analysis. Regarding the issue of the estimation procedure,
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many experts have questioned the usefulness of damage costs
estimates since they are well known for their large
uncertainties. However, the estimation of external costs is
important for decision makers in the electricity sector to
develop strategies for emission reduction and to develop
environmental and energy policies.

Health

Climate Change Biodiversity

Material Damage Crop Yield

Fig. 4 LCA polygon of a biomass-fired power plant

Health

Fig. 7 LCA polygon of a wind power plant

Health

Climate Change k‘ Biodiversity

Material Damage Crop Yield

Fig. 8 LCA polygon of a geothermal power plant
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