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Received:16 March2020 Purpose: Current greenhouse gas (GHG) policy aims at reducing emissions from
Accepted:5 June 2020 sector. However, there are some known traffie of GHG emission reductions, in terms
other types of environmental impacts and impacts on other economicss€ainsequentia
life cycle assessment (CLCA) has been developed to assess the environmental im
the power sector in relation with changes in the policy and its indirect impacts on
economic sectors.

Methods: A systematic review of CLCA metha conducted in the power sector. CLC
studies since 2005 are reviewed in terms of obtained results and methodology to i
whether CLCA is a more suitable approach for assessing environmental impacts of
sector in the context of GHG policy imention, compared to attributional life cyc
assessment (ALCA).

Results and discussion: With CLCA the total environmental impacts/benefits of |
system change when indirect impacts are accounted. The variations between tl
environmental impas quantified with CLCA and ALCA range widely from inconsideral
difference (less than 5%) to 200%, depending on the investigated product system
YDULDWLRQV RULJLQDWH IURP &/&$V PRGHOOLQJ
and the inclusio of socieeconomic interactions. With the expansion of system bounc
CLCA covers affected products and accounts for their relevant environmental im
which makes the obtained results comprehensively quantified. At the same tim
inclusion of saio-economic interactions in CLCA improves its capability of identifying
connections between environmental impacts and sec@omic changes such
economic growth and consumer behaviours.
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1. INTRODUCTION During the decarbonisation process there are {odfdeon
other environmental impacts and other economicosectn

By 2018, the greenhouse gas (GHG) emissions with land power sector, for example, bppwer is believed to cause less
use, land use change and forestation of Annex | countries wasGHG emissions compared to coal thermal power, but it may
14.91 GtCQe [1]. The emissions of energy secamcounted increase the eutrophication and acidification due to the energy
for 90% of the total emissions (13.47 Gt&Q[1]. The power crop plantation [5]. In such case, the GHG emissions of power
and heat generation sector, in particular, contributed to 9.76sector will reduce, but other negative environmental impacts
GtCOe in 2017 and increased 2.5% in 2018 [2]. Although from agriculture sector will increase.
there was a small reduction in emission intensity of 1.3% as a Life cycle assessment (LCA) quantifies the life cycle
realt of the application of renewable energy and energy environmental impacts of a product system, covering all stages
efficiency technologies, the growing demand of power was the from raw material extraction angrocessing, product and/or
principal cause of the increasing total GHG emissions [2]. service manufacturing, use and disposal, and transportation [6].

The trend of current GHG policy aims at decarbonisation, The comprehensiveness makes LCA a particularly effective
sustainable environmengconomic prosperity, and social mechanism for quantifying different environmental impacts
equity [3]. It requires the deep decarbonisation of the RULJLQDWLQJ IURP WKH SUWURB GXHEWM TV (
economies, in which the energy systems as well as otherimpacts.
emission intensive sectors need to transform into zero There are two types of LCA approaches, namely
emission ones, while ensuring the economic developmmeht a attributional LCA (ALCA) and consequential LCA (CLCA).
meeting the need of population growth [4]. The Deep Inthe ALCA approach, inputs and outputs of a product system
Decarbonisation Pathway Project countries, which contribute are attributed to its functional unit by linking the unit processes
to 74% of global energy related GHG emissions, set the of the system while defining a physical boundary and isolating
objective that by 2050 their GHG emissions of energy sector it from other systems [7]. Meanwhile, consequential LCA
will be reduced of 466% compared to 2010 level, while  (CLCA) has been developed to quantify the environmental
maintaining the average gross domestic product (GDP) growthimpacts of a product system in relation with changes within its
of 3.1% and the population growth of 17% annually [4]. life cycle [7].


https://crossmark.crossref.org/dialog/?doi=10.18280/ti-ijes.642-416&domain=pdf

Due tothe principal differences between the two approaches capture and storage (CCS).
ALCA and CLCA, it is expected that the obtained results with ,Q WKH VHFRQGDU\ VFUHHQLQJ SDS
the application of each approach will be different. This paper ZHUH UHPRYHG DQG SDSHUV RQ *HQHI
reviews CLCA studies in power sector in terms of the obtained and identified whether the papers included power as one of the
results and metidology in order to consider the capability of product systems, or used pemas the only input during the
CLCA approach in modelling the life cycle environmental product system useful life. If yes, they were categorised into
impacts of the power system and power generation/storagepSRZHUY WRSLF 7KH VHFRQGDU\ VFUH|
technologies in the context of GHG policy. missing of papers that studied several types of energy
including power and electric vehicles (EV) ieh have
recently entered as the power system for regulation purposes
2. METHODOLOGY through Vehicle To Grid (V2G) initiatives. Results of the
secondary screening were 31 papers of CLCA on power sector,
7KH UHYLHZ IROORZHG *ODV]LRX1TV Digct WRrD RkalysEd. towardlX the e &sects of CLCA
5 step approach of conducting a systematic review, including: methodology anthe obtained results, including the expansion
Develop research questions; Finding relevant studies;of system boundary, the inclusion of seeionomic
Appraising quality and extracting data; Synthesizing and interactions, and the ability to model indirect environmental
Interpreting [8]. The liteatture search was conducted on Web impacts.
RI 6FLHQFH ZLWK WKH WHUPV RI 3FRQVHTXHQWLDO OLIH F\FOH
DVVHVVPHQW $1' HQHUJ\ VHFWRU  L®1 TieQotiondiCDOAG )HEUXDU\
2020. Although this review paper focused on power sector, the
WHUP Rl 3HQHUJ\" KDV EHHQ NU'O B VWHNWBert @ag Wddms&hshslor? tBécausal relationship of CLCA.
was assumed that there were studies on energy sector whiclMostauthors pointed out two distinguished features of CLCA:
included power, heat, fossil fuels, and biofuel, etc. Only papers(1) changes in the environmentally physical flows and (2) as
with illustrated case study were included. Reviews and papersconsequences of changes in the life cycle of the product
proposing framework/ approach were excluded from this system [912]. These changes (effect) occur in the
review, but they were referred in this paper for discussion technological (product) systemvhile the cause of changes
purposes. The initial search gave out 221 CLCA papers beingoriginates from different decisions. These decisions occur
published from 2005 to the present. These papers wereduring the life cycle of the product system. There is no
primarily screened through the titles and abstracts to excludelimitation on types of decisions, and it may extend to decisions
ones relevant to food/imient energy and ones that assessing on technological improvement of a companygovernmental
energy as a medium during the production line, instead of thepolicy decisions on subsidy for a product, or to limit the
product system. consumption of a product.

At the end of the primary screening there were 97 papers on The common principle of causal relationship of CLCA was
WKUHH WRSLFV HQHUJ\ ELRHQHUJ\ handle8 RizddrUthe3 DesvHA ceh@micHiGiedddtbn's. Some
topic are composkof those studying fossil fuels or studying authors clarified CLCA as an approach to aodo
ERWK SRZHU DQG KHDW VLPXOW D Q H RexWronme#tll inattSihéHhdre wRsartiBdreddd Or'decrease
topic solely concentrated on different types of power, i.e. coal, in demand on the product system [13]. In other words,
natural gas thermal power, nuclear power, hydropower, these authors made a connection of consequential relationship
renewable power, and fossil fubased power with carbon  of LCA due to economic changes.

Table 1.Comparison between ALCA and CLCA [12, 16]

Features ALCA CLCA
Goal To assess potential environmental impacts, including inputs To assess potential environmental impacts of a pro
outputs of a product system per its functional unit over its system in relation with changes per its functional unit ¢
cycle. its life cycle.
Application $QVZHU IRU TXHVWLRQ 3+RZ WKLQJ $QVZHU IRU TXHVWLRQ 3:KDW LI"
Hotspot identification or product comparison. Reflection of causality.

ALCA is relevant when no specific decision is at hand Used for decision making.
increasing the understanding of the causal relations withir CLCA is relevant when rational decision making is neec
product chain, andetween this chain and the surroundi This process requires information about the conseqse

technological systems. of the decision.
Product Normally there is one product system per a LCA. The product systems are broadened to include se
system similar or relevant products.

System 2YHU WKH SURGXFW VA\VWHPTV ZKF The systemboundary is broadened to include unit proce
boundary  grave), or a part of its life cycle (from cradle to gate, from ¢ and products as consequences of change/ intervention
to gate, from gate to grave).
Functional 1 unit of function ofproduct system. 1 unit of function of marginal product system.
unit Functional unit of the whole system would consist
multiple functions, including the main system and thi
added by the processes included in the boundaries.
Allocation  The impacts are asbed for main product and gmoducts System boundary is broadened to include main product
based on economic value (price) or physical value (volu co-products, so there is no need of allocation.
mass).
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To make a clearistinction between CLCA and ALCA, This stepwise approach clarified the links between the
several authors conducted systematic reviews on CLCA product systems and unit processes through intermediate
methodology [12, 13, 15]. Other authors reviewed different products (ALCA) as well as identified the consequences on
models for life cycle analysis and focused on the outstandingsupply and demand of products andpcoducts (CCA) [21].
features of CLCA in capturing environmental inofs of a Due to the limitation of data availability at this time, it was
product system under economic interactions-I18p These suggested to assume that the scale of change was small [21].
reviews indicated that ALCA and CLCA were vastly different Therefore, the suggestion of applying the ceteris paribus
in terms of application scale for small/large economic sector, assumption when expanding the system boundary is
(increased) number of products, (expansion of) system reasonable.
boundary. Thedifferences between CLCA and ALCA are Frischknecht and Stucki proposed a methodology

summarized in Table 1. framework in which depending on the changing agent, its
potential effect and the size of studied product systems,
2.2 Direct and indirect life cycle environmental impacts different modelling techniques will be applied [22].

Specifically, if the changing agent has am potential
The environmental impacts of power sector have been consequences, for example individual decision of buying
widely studied for its whole life cycle. They include not only lamps of company X, the ceteris paribus assumption should be
direct impacts arising during the generation of power, but also applied. Meanwhile, if the changing agent has large potential
the indirect ones. The indirect impacts may either lie in the consequences, for example, policy to encourage the
intermediate pPRGXFWYV WKDW FRQWULEXW H canhBuriptiorf /& stdd €hgidy @atingHamRpds-iddduntry Y, the
e.g. land use impacts for the development ofdaxtricity, PXWDWLV PXWDQGLV 3WKH QHFHVVD
impacts from equipment and power infrastructure, impacts assumption should be applied [22].
from background processes such as primary energy, fuel In the former example, the decision of whether to buy a
extraction for power generatioor may be originated from the  specific product is applicable at a small scale, and the
affected products which are related to the power in some waysconsequence of that decision is limited in physical change, i.e.
e.g. impacts from increasing battery integration into the power change of quantity of environmental impacts without changes
grid on other types of power technologies such as wind power,in economic systems. Meanwhile, in the latter example, the
solar power or thermal power in tigeneration mix, impacts  decision of introducing a policy to encourage a product or
from increasing or decreasing demand on products of powertechnology willinduce changes in other relevant economic
intensive industries such as metal manufacturing and foodsectors. In order to accurately quantify the impact, it is
processing on power grid structure and capacity. necessary to expand the system boundary. The authors
While the former type of indirect impacts, e.g. impacts from concluded that CLCA, therefore, would be relevant for

intermediate products, can be quantified with ALCA, the latter quantifying impacts of changes due to governmlgoolicy or
types of indirect impacts, e.g. impacts from affected products, strategic international organization decision in which the
are deem to be quantified with CLCA. In this paper, the term investigated object has a relatively large economic size [22].
SLQGLUHFW HQYLURQPHQWDO LPSDFW Wiskiggestet thatW Re eldtpdRadbHorickside OF BtidiédH |
type of immacts which originates as consequence of changes inproduct system is small to medium, i.e. accounting fos les
the product system. These changes include different types othan 0.1% or from 0.1% to 1% of the market share,
changes in the socieconomy, such as change in the respectively, the ALCA approach should be applied. In
governmental policy decision, or change in the market demandcontrast, if the market share of the studied product system is
of the studied product systemany relevant products and-co  larger than 1%, the CLCA approach should be applied [22].
products. Although the criteria are n@dequately convincing, they are

the initial effort of how to deal with system expansion in

CLCA, based on quantitative economic valpa-27].

3. RESULTS AND DISCUSSION Among reviewed CLCA papers in power sector, some
authors made it very clear on the inclusion of extended unit
3.1 System boundary processes; other authors did not clearly identify the unit

SURFHVVHV RI D SURGXFW5)V\VWHPTV O
One of distinguished features of CLCA is the expansion of = The system boundary is extended to at least two products in
system boundary, i.e. the inclusion of unit processes [16] andall reviewed studies. Moreover, it is even extended to several
different products and eproducts [19] to the extent of the relevant economic semts. The investigated products and
expected changes. At the early time of CLCA development, economic sectors of some reviewed CLCA papers are
Weidema proposedn approach, in which the expansion of specified in Table 2.
system boundary was conducted under the ceteris paribus All of the reviewed studies expanded the product system
(other things being equal) assumption [20]. The author boundary, by either increasing unit processes, or including
suggested an approach to identify affected products in five relevant products ando-products[36, 37] This approach
steps [20, 21], including: helps to identify products or technologies being affected as
(1) What scale antime horizon does the study apply to? consequences of changes. However, the ways how these
(2) Does the change only affect specific processes or aaffected products and goducts being treated were different.
market? Some authors treated the affected produntler ceteris
(3) What is the trend in the volume of the affected market? paribus assumption. In this case, they simulated the
(4) Is there potential to provide an increase or reduction in consequences in form of physical change, or the affected
supply and demand? products can be substituted by other similar ones. These
(5) Is tre technology the most/least preferred? physical changes were modelled through quantifying energy
flows, for exampH LQ -RQHV HW DO fV VWXC
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energy analysis [38]. The affected products were treated byproduction was replaced by power from waste incineration and

substitution and cuoff, for example, marginal electricity = material recycling as in ErikssoHW DO V VWXG\ >

Table 2. Product systems and affected products of some reviewed papers

Studies Investigated product systems Affected products Coverage of economic sectors
Pizarre Waste management approache Different types of power Two sectors of waste management and power generat
Alonso et al. waste to energy such as coal, natural ga
[24] biomass, wind, solar
ocean, geothermal an
nuclear power
Moora and Waste managemeapproaches Different types of power  Two sectors of waste management and power generat
Lahtvee
[25]
Pehntetal. Wind power Thermal power such a
[26] power from coal, lignite
and gas
Blanco et al. Power to methane The EU power system The wholeeconomic system of energy supply and dem.
[27] sectors, including power, heat, industry, transport,
supply (supply); and commercial, residential, indus
mobility and agriculture (demand)
Mathiesen Power and heat from waste Energy from col oil,
et al. [28] natural gas and biomass
Lund etal. Power Energy from wind, coal anc
[29] natural gas
Igosetal. Six energy final products Six economic sectors of Luxembourg: Agricultul
[30] including liquid fuels, fuels, Construction, Industry, Electricity production ar
coke, refined petroleum distribution, Transport, and Other industries
electricity, products of mining
and quarrying oénergy, and gas
steam and hot water
Gibon et al. 17 energy technologies includin
[31] bioenergy, coal, hydpower,
natural gas, natural ga
concentrating  solar  powel
nuclear power, sola
photovoltaics (solar PV), winc
power and CCS
McDowall 18 power technologies fror The comprehensive energy supply and demand sectc
etal. [32] wind, solar PV, coal, combine fuel provision sectors, power generation sect
cycle gas turbine, conventioni (Agriculture, Forestry, Coal, Leather, Wood, Pulp & Pag
gas, nuclearhydro, oil, biomass Printing & Media, Coke, Nuclear fuel, Chemicals, Rubl
and waste & Plastic products, Other nanetallic mineral products
Fabricated metal products) and power consumption se:
(Agriculture, Pulp & Paper, Chemicals, Ndfetallic
minerals and Other industry)
Raugei et al. Solar PV power Different types of UK on
[33] grid power such as wind
nuclear, coal, gas an
biomass power
Algunaibet The US power system with powe
etal. [34] from coal, natural gas, nuclea
hydropower, biomass
geothermal, solar PV, sole
thermal, wind, bioenergy an
CCs
Vandepaer Two types of batteries On-grid power
et al. [35]
Dandres et The European (EU) electricit 20 globally economic sectors: Grains and crops; Livest
al. [36] and heat and meat products; Processed food; Water; Textiles
clothing; Light manufacturing; Heavy manufacturin
Utilities and construction; Transport and communicati
Other services; Coal and lignite extraction; Gas extract
Oil and peat extraction; Minerals; Fuels; Gas, steam anc
water; Electricity; Forestry; and Pulpgjper, publishing anc
Wood products
Elzein et al. France grid power with differen Normandy grid
[37] price and generation technologir
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The reviewed papers that applied the ceteris paribusaccepted, covers a spatial, geographical dimension, for
assumption were conducted at the early time of CLCA example, a region or country during four stages of a product
development, when the methodology is emerging. At this time, life cycle: raw material extraction, manufacturing, using and
most of authors focused on the causal relations of change inend of life. Meanwhile, the market boundary covers a market
the product system and affedt product, rather than soeio  area of several industries and economic sectors. It also
HFRQRPLF UHODWLRQV EHWZHHQ W KdéhEiderd KbtkéeHeffeEte) bt ExEntple\WeRandgeHn electricity
&/&%$" VWXGLHV VKRXOG EH UHJIDU G HceDavd ¥rddutidn FEBsQ Akt TsoHeliMés @v@n consider
concept, in which they applied consequential approach byrebound effect and feedback mechanism. With the expansion
mentioning the causal relationship, and its consequences orto market boundary, CLCAlearly covers more products
the environmental impacts of the product system without compared to the traditional one. Therefore, CLCA will more
considering it under the soeaconomic interaction. accurately analyse environmental impacts, either negative or

Another approach to identify affected products is positive, of a product system in the context of policy
considering them under the mutatis mutandis assumption. Theintervention, compared to ALCA.
changes in the affected products revedetermined by
UHYLHZLQJ OLWHUDWXUHV EHLQJ 3.EddidednorldinterddfibBSNHKROGHUV |
participations, and running economic models. In power sector,

Mathiesen et al. identified marginal energy technologies by According to Weidema, Earles and Halog, Zamagni et al.,
looking at publications on historical and future energy system being different from ALCA, which focuses on the physical
ard existing CLCAs [28]; Dandres et al. took the busiress inflows and outflows of environmental impacts of a product
usual (BAU) and future renewable technology mixes from system, CLCA considers the interactions of econonttose
peerreviewed publications [36]; and Gibon et al. determined on the product systems and the relevant environmental impacts
the existing power generation mixes and the regional [13, 16, 19]. These authors agreed on the economic
technology performance frornmternational Energy Agency interactions in the CLCA through the inclusion of market
reports and the New Energy Externalities Development for mechanism or economizased causal relationship.
Sustainability project, and identified changes in the future  The most common way to modélkteconomic relationship
power system structure and fuel consumption due to theis combining an economic modelling tool and LCA. The
increased adoption of clean power technology based onapplicable economic models are either partial equilibrium (PE),
e[SHUWVY RSLQLRQV > @ computerized general equilibrium (CGE), input output (10) or

Several authors used economic models to determinedynamic models (DM), which are also common in CLCA
marginal technologies, for example, EU Electricity Market studies in energy sector in general [41]. Two thirds of
Model (E2M2) [26], EnergyPLAN [28, 29], MARKAL [39], reviewed papers applied economic models to simulate the
ETEM [30], Network Impact Assessment Model [40], TIMES economic interactions between power sector and other sectors.
(ETM-UCL) [32], Unit commitment model [33], Balmorel = The pathway for integrating these models into CLCA is
[24], Swiss TIMES Energy Model (STEM) [35] and JAEU- running the models to obtaincenarios with changes in
TIMES [27]. affected sectors and identify affected products/ technologies.

The system boundary of CLCA, as a result, goes beyond theThese scenarios and data on affected products/ technologies
physical boundary to extend to the market boundary. The will be used for running CLCA.
physical boundary of the product systeas being widely

Table 3. Applicable tools in reviewed studies

Study PE CGE 10 DM LR Expertbased
Dandres et al. [36] Y Y
Eriksson et al. [23]
PizarraAlonso et al. [24]
Pehnt et al. [26]
Blanco et al. [27]
Mathiesen et al. [28]
Lund et al. [29]
Igoset al. [30]
Gibon et al. [31]
McDowall et al. [32]
Raugei et al. [33]
Algunaibet et al. [34]
Vandepaer et al. [35]
Elzein et al. [37]
Choi et al. [39]
Jones and Gilbert [40] Y
Florent and Enrico [43] Y
Onat et al. [44] Y
Hammond and O'Grady [45 Not clear Y Y

Y
Y
Y
Y

_<
<
<< <<

<< <<=
<
<

Notes:

Y =Yes

Hammond and O'Grady presented three pathways to a low carbon power sector of UK by 2050, through coal phase out, gizhtéuhoaddions in CCS,
and combined heat and power. These pathways were developed through Stakeholders workshop; Quaetitativanel Interdisciplinary workshop. The authors
PHQWLRQHG RI DSSO\LQJ HFRQRPLF PRGHOV DQG LQWHUGLVFLS O L Q&hiennmadels VR élhgen uked [49].X D Q
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Among revieved papers, the numbers of studies using PE in relation with environmental impacts of battery EVs, pilnig
model are much larger than those using the two latter modelshybrid EVs by 2020, and compared them with gasoline
at 11 studies compare to two studies applying CGE and fiveinternal combustion vehicles and diesel internal combustion
studies applying 10 and two studies applying DM. More vehicles [43]. Different mobility policies causganges on
interestingly, it is common that tlstudies apply several types characteristics and number of travels, charging patterns and
of economic models, for example PE in combination with auxiliary use, consequently decrease global warming, fossil
CGE, PE in combination with 10. The applications of PE, depletion, acidification, ozone depletion and photochemical
CGE and 10 have the advantage of available data and (energypzone formation; and increase in metal depletion, ionizing
economic models. Meanwhile, The DM is limited in termis 0 radiations, marine eutrophication and particulate matter
availability of data and modelling tools, but works well with  formation [43].
sociceconomic data [41]. Table 3 presents the reviewed Recently, Frischknecht et §#6] has reviewed papers of the
CLCA case studies and their applicable models. 62nd LCA forum, and indicated that CLCA goes beyond the

The good point of integrating economic models, e.g. 10/ marginal mixed and avoided burdens. It involves causal
PE/GE into LCA, is that they prade details of the economic  modelling, whch not only includes economic relationship but
causal relationship [42]. Economic models work with one or also social responsibility [46]. Although the social
several economic sectors, therefore, they either provide aresponsibility referred by Weidema concerned on the
specific view of one economic sector, or a comprehensive FRQVHTXHQFHY RI D FRPSDQ\TV DFWLF

view of the product system in relations with the earag. This the context of governmental policy interdiem. An example
will help to clearly identify the hot spot economic sectors that is the impact on social wellbeing and rate of
contribute most to the impacts. employment/unemployment, specifically the decreased labour

The economic model based CLCA accurately tracks the in coal mining industry and the increased labour in solar PV
links between environmental impacts and economic indicators panel manufacturing, due to the policy on renewable portfolio
Dandres et al. applied CGE modelpiedict global economic  standard.n this case, the impacts of policy intervention would
perturbation potentially caused by two different European be larger than those of a company decision.
energy policies, and CLCA to quantify environmental impacts = Among the reviewed papers there were only two case
due to these policies. It was identified that, among economic studies covering the social aspects or social relationship of the
sectors, the most impacted sector was coal extracind power system. These studies either simaaadhe social agents
power generation. Consequently, it contributes to most of the and their impacts on the product system [43], or simulated the
difference in the environmental impacts across the two sociceconomic interactions of the product system over its life
scenarios. Moreover, the authors pointed out that the mostcycle [44].
sensitive causal relation lied in economic revolution or the  Although there were not many CLCA studies on the power
change in th GDP, rather than the change in the demand [36]. sector considering the social interacs at present, with the
Similarly, Igos et al. applied PE and GE models to evaluate thecall for social inclusion in LCA community and the
economic impacts of policy decisions on energy commodity consequential impacts of increasing the integration of
demand in Luxembourg by 2030 and identify least cost renewable energy sources into the power system it is expected
technologies to meet that energlemand. The authors that there will be more need of CLCA methodology to work
identified that the contribution of other economic sectors, with socio-economic indicators in analysing and assessing
except for energy sector, are quite similar across studiedimpacts of power system in the context of GHG policy
scenarios. Moreover, most of the environmental impacts intervention.
originates from imported commodities [30].

Apart from econond causal relationship, CLCA also 3.3 Indirect environmental impacts
covers the social interrelations among the product system. In
this case, the original changes are not limited in the decrease CLCA is successful in simulating the indirect
or increase of consumption and production which are environmental impacts. When the indirect impacts are

guantitative, but also include changes inigkdadicators. This included, the total environmental impacts when being assessed
is mostly conducted with the application of DM such as system with CLCA are either larger or smaller than those being
dynamics and agent based modelling. assessed with ALCA. This was observed in several case

CLCA based on system dynamics was applied to model studies that reported both direct and indirect environmental
sustainability impacts of three alternative vehicles including impacts results such &ehnt et al., Dandres et al., Igos et al.,
internal hybrid, plugn hybrid and battery EV by 2050 and Frischknecht and Stucki, Raugei et al., Vandepaer et al.,
compared them with internal combustion vehicle [44]. The Blanco et al. and McDowall et al. [22, 26, 27, 30, 32, 33, 35,
increase in the number of EVs being used caused 36] (see Table 4).
environmental, economic and social impacts on carbon Pehnt et al. studied the increase ofgifbre wind power in
dioxide  emissions, particulate  matter formation, Germany andts GHG emission reduction. The increased off
photochemicaloxidant formation, vehicle ownership cost, shore wind power substituted for thermal power from coal,
contribution to GDP, employment generation, and the human lignite and gas, causing change in the power mix, operation of
health impacts. With CLCA approach, it was identified that power system, expansion and reinforcement of the grid. The
EVs were expected to be the best alternative in-teng for study indicated that in thewoand high carbon certificate price
reducing human health impacts arar pollution from scenarios, respectively, the specific carbon reductions per
transportation. Meanwhile the result based on average valuekWh offshore electricity in the year 2020 amount to 914 and
indicated that plugn hybrid vehicles had the largest potential 646 gCQe, thanks to the substitution of thermal power [26].
GHG emission reductions [44]. The inclusion of the offshore wingdower into the power

Florent and Enrico combined agent based modelling and system also affected the operation of thermal power plants and
CLCA to model changes irehicle private use in Luxembourg caused the loss in its operational efficiency, as a consequence,
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increased the GHG emissions of wind power, up to 70 and 18influenced grid expansion, carbon reductions due to thermal
gCOe per kWh of offshore wind power. The emiss from power substitution an@HG emissions from altered power
wind induced grid extension is 22 geper kWh. When the  plant operation were added up, the total net carbon reduction
emissions from all processes, including construction, is 822 gCQe per kWh and at 606 gG®per kWh [26].

operation and disposal of the wind energy park, wind

Table 4. Direct and indirect environmental impacts of some reviewed CLCArpape

Studies Product system Environmental impacts/ benefits Direct impacts Indirect impacts Variation
only included
Pehnt et al. [26] Wind power GHG emission reductions (gCO2e/kWF 914 ~ 646 822 ~ 606 -101%~
-6.2%
Dandres et a[36] Electricity and Environmental impacts 5.5%
heat
Igos et al. [30] Energy (including  Human health, ecosystem and resourc 50.0%
power)
Frischknecht and Power system GHG emissions (gCO2e/kWh) 98 225 1296%
Stucki [22] (French) High radioactive waste (mm3/kWh) 11 3,8 -65.5%
Power system GHG emissions (gCO2e/kWh) 554 473 -14.6%
(EV) High radioactive waste (mm3/kWh) 35 34 -2.9%
Raugei et al. [33] Solar PV GHG emissions +2%
Vandepaer et al. [35] Battery 16 environmental benefits no number was provided
Blanco et al. [27] Energy (including GHG emissions (85% emission reductic 50%
power) target policy)
GHG emissions (90% emission reductic 200%
target policy)
McDowall et al. [32] Power sector GHG emissions 10%

Dandreset al. assessed the environmental impacts of EU between the obtained results. In the French electricity supply
electricity and heat generation in two EU energy policies, mix, the GHG emissions rise from 98 ggQper kWh with
namely baseline and bioenergy, in consideration with and ALCA to 225 gCQse per kWh with CLCA. The volumes of
without global economic development. The quantified impacts high radioactive waste generated is 11 and 3.8 pgnkWh,
included direct impacts of ineased energy generation and respectively [22]. Similarly, in the EU attributional and
indirect impacts due to change global economic activities decisional electricity supply mix caused GHG emissions of
served for increased energy generation in the EU. It was554 and 473 gC& per kWh and generatéigh radioactive
indicated that potential indirect impacts were higher than waste of 3.5 and 3.4 niper kWh, respectively [22].
direct impacts, with impacts occurring inside the Ebtder Raugei et al. conducted a CLCA on increased uptake of
only accounted for 5.5% of the total global potential impacts. solar PV on UK grid. The increase of solar PV capacity
Interestingly, indirect impacts of increased energy in impacted the generation mix as well as the grid development,
bioenergy policy were considerably higher than those in and consequentlglobal warming potential of solar PV [34].
baseline policy [36]. In other words, bioenergy policy which The authors identified that there was a small difference in the
harnesses morenewable energy is regarded as being cleaner GHG emissions from the increased solar PV deployment,
compared to baseline policy, in fact causes more which originated from background stages of solar PV and
environmental impacts due to its indirect consequences onchanges in the generation mix [33].r@equently, any change

global economic activities. in the solar PV deployment had no considerable additional
Igos et al. assessed the impacts on human health, ecosysteemissions of the UK ogrid power [33].
and resourcesfdwo energy policies: BAU and GHG. The Vandepaer et al. quantified the environmental impacts of

environmental impacts included direct impacts from energy inclusion of battery into the Swiss power system by 2030. In
related processes (energy production: gate to gate contributiorthe current polig scenario, the inclusion of battery caused the
of energy technology and energy import: cradle to gate displaced electricity mix which was dominated by natural gas
contribution of the imported fuels amdiectricity processes to  combined cycle units [35]. The inclusion of batteries generates
the final impact) as well as indirect impacts (contribution of environmental benefits in 12 of the 16 impact categories,
changes in other economic sectors and imports). Theincluding climate chang@&zone depletion, particulate matter,
contribution of indirect impacts was up to 50% in all three ionizing radiation, photochemical ozone formation,
impact categories. The environmental impacts in GH&poli  acidification, terrestrial eutrophication, freshwater
were 23% lower than those in BAU policy. This difference eutrophication, marine eutrophication, land use and water
mainly and directly came from energy sector. The contribution resource depletion. In low carbon scenario, marginal
of other sectors to the difference of two policies environmental electricity generation being displaced due to the inclusion of
impacts was less than 0.1% [30]. batteries mostly comes from geothermal and hydropower
Frischknecht and Stucki used attriltonal and which already have reduced environmental impacts. Therefore,
consequential (decisional) life cycle inventories to quantify the the environmental benefits due to inclusion of battery reduce
environmental impacts of French and EU electricity supply compared to thosef current policy scenario [35].
[22]. The attributional life cycle inventory was taken from Blanco et al. conducted an-pwst LCA analysis of results
Ecoinvent database and the consequential life cycle inyentor from JRC- EU - TIMES and estimated the environmental
was based on EurElectric, other energy publications and experimpact indicators across 18 sectors in scenarios that achieved
opinions. The authors identified that there was a difference 80-95% GHG emission reductions by 2050 in EU28+
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countries. The results showed that the indirect @@ission In term of methodology, the expansion of system boundary
was as large as the direct one for 80% reduction target.is obseved in all reviewed papers by inclusion of unit
Moreover, for 95% reduction target, the indirect{@@ission processes, affected products andpooducts, and economic
was three times larger than the direct one [27]. sectors to the extent of changes. Although the affected
In the study ofMcDowall et al., the indirect emissions products are treated differently among reviewed papers, it
contributed to less than 10% of the total emissions of power should be noted that the selectessumption, either ceteris
sector in EU by 2050 [32], which was a small part, especially paribus or mutatis mutandis, largely depends on the
FRPSDUHG WR WKH UHVXOW RI % O D Qavlatility oD @atd ¥nd/ eXeednomity siZ& Bf Xrvestigated
QRWHG WKDW ZK#& 6uktly %oebe@ EReddndmid Ophduct systems. With the expansion of system boundary,
VHFWRUV WKH LQGLUHFW HPLVVLRQLCA @overs'R Zamer utdbar & @ffdcted \pridu@s, and
includes that from energy equipment and construction [27, 32].relevan unit processes, economic sectors. As a result, it would
Besides, in spite of the small contribution of indirect emission comprehensively quantify the environmental impacts which
RI SRZHU VHFWRU LQ O 'tRZibcdsiontbiV Dntay H¥ néfhlacked in ALCA.
these emissions into the optimization model of the power The inclusion of soci@conomic indicators in a CLCA is
system made the renewable power less attractive andfrequently conducted by applying an economic modelling tool
consequently, induced changes in the structure of the powerThe application of economic models and CLCA has the

sector [32].

advantages of tracking the links between environmental

The mismatch between direct and indirect environmental impacts and socieconomic indicators, such as product

impacts of power sector was indicated by the cost of power demands or

economic growth, domestic market or

generation. Algunaibet et al. quantified the life cycle indirect import/export market, and consumer behavioUiserefore,
cost of electricity generation in the US and pointed out that CLCA would have an upgraded advantage of hotspot
other indirect environmental impacts of power sector need to identification compared to ALCA.

be congilered apart from direct GHG emissions. In the study,
the costs of electricity were minimized with constraints on

demand, generation potential and capacity factor, while REFERENCES
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