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Abstract

Purpose Life cycle sustainability analysis (LCSA) is being developed as a holistic tool to evaluate environmental, economic and
social impacts of products or services throughout their life cycle. This study responds to the need expressed by the scientific
community to develop and test LCSA methodology, by assessing the sustainability of a concentrated solar power (CSP) plant
based on HYSOL technology (an innovative configuration delivering improved efficiency and power dispatchability).
Methods The methodology proposed consists of three stages: goal and scope definition, modelling and application of tools, and
interpretation of results. The goal of the case study was to investigate to what extent may the HYSOL technology improve the
sustainability of power generation in the Spanish electricity sector. To this purpose, several sustainability sub-questions were
framed and different analysis tools were applied as follows: attributional and consequential life cycle assessment, life cycle cost
(LCC) analysis and multiregional input-output analysis (MRIO), and social life cycle assessment (S-LCA) in combination with
social risk assessment (with the Social Hotspots Database). Visual diagrams representing the sustainability of the analysed
scenarios were also produced to facilitate the interpretation of results and decision making.

Results and discussion The results obtained in the three sustainability dimensions were integrated using a “questions and
answers” layout, each answer describing a specific element of sustainability. The HY SOL technology was investigated consid-
ering two different operation modes: HY SOL BIO with biomethane as hybridization fuel and HYSOL NG with natural gas. The
results indicated that the deployment of HYSOL technology would produce a reduction in the climate change impact of the
electricity sector for both operation modes. The LCC analysis indicated economic benefits per MWh for a HYSOL NG power
plant, but losses for a HY SOL BIO power plant. The MRIO analysis indicated an increase in goods and services generation, and
value added for the HYSOL technology affecting primarily Spain and to a lower extent other foreign economies. The social
analysis indicated that both alternatives would provide a slight increase of social welfare Spain.

Conclusions The methodological approach described in this investigation provided flexibility in the selection of objectives and
analysis tools, which helped to quantify the sustainability effect of the system at a micro and meso level in the three sustainability
dimensions. The results indicated that the innovation of HYSOL power plants is well aimed to improve the sustainability of CSP
technology and the Spanish electricity sector.

Responsible editor: Alessandra Zamagni

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11367-018-1568-z) contains supplementary
material, which is available to authorized users.

< Blanca Corona
b.c.coronabellostas @uu.nl

Present address: Copernicus Institute of Sustainable Development,
Utrecht University, Heidelberglaan 2, 3854
CS Utrecht, The Netherlands

2 Universidad Politécnica de Madrid, c/José Gutiérrez Abascal 2,
28006 Madrid, Spain

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11367-018-1568-z&domain=pdf
http://orcid.org/0000-0003-1257-3319
https://doi.org/10.1007/s11367-018-1568-z
mailto:b.c.coronabellostas@uu.nl

Int J Life Cycle Assess (2019) 24:1444-1460

1445

Keywords Concentrated solar power - Electricity generation - Life cycle assessment (LCA) - Life cycle sustainability assessment
(LCSA) - Multiregional input-output (MRIO) - Social life cycle assessment (S-LCA) - Sustainability

Abbreviations

AHP Analytic hierarchy process

BIO Biomethane

C Construction

CED Cumulative energy demand

CSP Concentrated solar power

D&D Dismantling and disposal

E&M Material extraction and manufacturing
E-LCA  Environmental life cycle assessment
EPBT Energy payback time

G&S Goods and services

10 Input-output

LCA Life cycle assessment

LCC Life cycle cost

LCSA  Life cycle-based sustainability analysis
MCDM  Multi-criteria decision making

MRIO  Multiregional input-output

NG Natural gas

O&M Operation and maintenance

PER Plan de energias renovables (Spanish renewable
energies plan)

PTC Parabolic trough collectors

SHDB  Social Hotspots Database

S-LCA  Social life cycle assessment

TES Thermal energy storage

1 Introduction

Over the past three decades, sustainability has grown to be-
come a central element in the agenda of policy makers, busi-
nesses, non-governmental organizations, scientists and the
civil society as a whole. However, a key issue in this move-
ment remains unresolved: How can we truly measure the sus-
tainability of a given product, service, or technology?
Furthermore, how can we incorporate sustainability into deci-
sion making in order to ensure the coexistence of humans and
nature in productive harmony?

Most authors agree with the Brundtland Report in that sus-
tainability comprises three inter-related dimensions: environ-
ment, economy and society (Brundtland 1987). It is also wide-
ly accepted that sustainability analyses need to apply a life
cycle approach, thus taking into consideration extraction and
processing of raw materials, manufacturing, transport activi-
ties, utilization of the product by the final user and end-of-life
actions, as described in ISO 14040 and 14044. The first sys-
tematic methodology aimed at evaluating the sustainability of
products and services using a life cycle perspective dates back
to 1987, and it has been attributed to the Oeko-Institut

(Germany) (Kloepffer 2008; Nzila et al. 2012). This frame-
work, originally named Product Line Analysis
(Produktlinienanalyse), was refined in subsequent public and
private initiatives to become Product Sustainability
Assessment (PROSA) (GrieBhammer et al. 2007). A funda-
mental step ahead in this field was attributed to the
Coordination Action for innovation in Life Cycle Analysis
for Sustainability (CALCAS (2006-2009), a research project
financed by the European Commission (Zamagni et al. 2009)
that sets the principles of modern life cycle-based sustainabil-
ity assessments (LCSA). This was followed by other actions
aimed at improving, standardizing, testing and promoting the
use of this methodology. Noteworthy among these are the EU-
funded PROSUITE (2009-2013) project (Blok et al. 2013),
the UNEP/SETAC life cycle initiative (UNEP/SETAC 2015),
the SETAC Europe 18th LCA Case Study workshop in LCSA
(Cinelli et al. 2013) and the special issues on LCSA published
by the International Journal of Life Cycle Assessment
(Zamagni 2012; Zamagni et al. 2013).

These publications define two alternative approaches to life
cycle-based sustainability analysis: Life Cycle Sustainability
Assessment, hereafter LCSA (assessment), and Life Cycle
Sustainability Analysis, hereafter LCSA (analysis) (Sala
et al. 2013; Zamagni et al. 2013). The main proponent of the
former is the UNEP/SETAC Life Cycle Initiative whose re-
port “Towards a Life Cycle Sustainability Assessment.
Making informed choices on products” describes LCSA
(assessment) as the summation of the results obtained from
the use (under the same system boundaries) of three indepen-
dent analysis tools: environmental life cycle analysis (E-
LCA), life cycle costing (LCC) and social life cycle analysis
(S-LCA) (Ciroth et al. 2011). The LCSA (assessment) frame-
work has received criticisms due to its mechanistic approach
and lack of flexibility, which obviates the complexity of real
systems and the interdependencies that exist between the three
sustainability dimensions (Zamagni et al. 2013).

The theory and practice of LCSA (analysis) are described
in the various reports produced under the CALCAS project.
This methodological approach involves an expansion in the
scope of E-LCA with the aim of incorporating into the analysis
the economic and societal dimensions of the system, as well as
different analysis levels (micro, meso, macro). This has been
reported to be more difficult to apply than the LCSA
(assessment) approach proposed by UNEP/SETAC as it
should take into consideration behavioural relations, sustain-
ability dimensions interactions, time effects, market and de-
mand changes, etc. In addition, LCSA (analysis) provides
more flexibility in the selection of analytical tools and pro-
vides an integrated framework where the results may be

@ Springer



1446

Int J Life Cycle Assess (2019) 24:1444-1460

evaluated in combination. In this new methodology, the life
cycle inventory analysis and the life cycle impact assessment
phases described in ISO 14040 are merged together into a
single modelling phase where inventory data is converted into
a series of sustainability indicators (Heijungs et al. 2009).
Thus, LCSA (analysis) may be regarded as a trans-
disciplinary integration framework of models rather than a
model in itself (Guinee et al. 2010).

1.1 Life cycle-based sustainability assessment
methodology

Owing to its early stage of development, there is still no clear
consensus on the practical application of life cycle-based sus-
tainability assessment. This section aims to provide a global
vision on how the scientific community has been responding
to key methodological issues in the practical application of
this methodology. For this purpose, a literature review was
carried out using the Web Of Science (WOS) search engine
to evaluate the scientific output generated up until September
2015.

A literature search using the strings “Life Cycle
Sustainability Assessment” and “Life Cycle Sustainability
Analysis” produced 66 items (including peer-reviewed jour-
nal articles, conference proceedings and books), whose con-
tents were revised thoroughly. Eleven of these publications
were discarded for low quality (the sustainability content
was too vague and limited, without quantification or use of
recognized tools) or lack of relevance (the study only covered
one sustainability dimension) reducing the scope to 55 items.
Twenty-eight out of these 55 publications (51%) were dedi-
cated to define methodological proposals from a theory per-
spective. The remaining 27 described the practical application
of life cycle-based sustainability assessment through a series
of case studies on specific products belonging to different
sectors (primarily energy generation, construction and waste
treatment). Most papers published prior to 2014 dealt with
methodology development, while interest shifted towards
practical application in subsequent years. A description of all
these studies is available in the Electronic Supplementary
Material.

Regarding the methodological framework of the case stud-
ies reviewed, most of them (48%) opted for the LCSA
(assessment) (corresponding to LCA + LCC + S-LCA). This
may be due to a more clearly defined framework of the former
methodology and also the widespread acceptance of the
UNEP/SETAC Guidelines (Ciroth et al. 2011). The second
most widely utilized framework (15%) was hybrid LCA-
input-output (I0) analysis, an integrated approach that allows
using the same economic inventory to evaluate all three sus-
tainability dimensions (Onat et al. 2014). Owing to its top-
down approach, the precision of this methodology depends
on the quality and disaggregation of regional and
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multiregional 10 databases, which may not always be avail-
able and updated for the regions of interest. The LCSA
(analysis) approach was only used in 4 of these case studies
(7%), while the remaining 17 publications reviewed (30% of
the total) opted for ad hoc LCSA frameworks, the most com-
mon being the tiered approach (Neugebauer et al. 2015;
Peukert et al. 2015)."

The CALCAS project describes 28 tools suitable to assess
different aspects of sustainability including E-LCA, LCC, S-
LCA, 10, material flow analysis, cost benefit analysis, eco-
efficiency analysis, external costs (ExternE), life cycle optimi-
zation, etc. (Schepelmann et al. 2008). In the case studies
reviewed, the analysis tools most widely used by far are con-
ventional E-LCA for the environmental dimension (in 85% of
the publications evaluated), LCC for the economic dimension
(in 55%) and S-LCA for the social dimension (in 26%). Sixty-
three percent of the publications implemented or proposed the
combined use of these three methodologies, as suggested in
the UNEP/SETAC Guidelines.

E-LCA is a stablished tool already recognized by the
European Commission as best framework for assessing the
potential environmental impacts of products (European
Commission 2003), while LCC is a mature tool, usually con-
sidered for evaluating the life cycle costs of products and
services (Hunkeler et al. 2008). However, the adequacy of
LCC to evaluate economic sustainability has been questioned
by different experts (Jorgensen et al. 2013; Wood and
Hertwich 2013) who agree that other indicators (such as value
added, labour and capital productivity, or ratio of output per
factor input) may provide a more realistically and society-
oriented description of economic well-being (Wood and
Hertwich 2013). These and other economic performance indi-
cators, like labour costs or international commerce, may be
calculated using 10 methodology. In the case of the social
dimension, the use of ad hoc methods to evaluate the social
sustainability is common practice due mainly to the incipient
state of development of S-LCA. Central to this evolution
stands the UNEP-SETAC Life Cycle Initiative (UNEP-
SETAC Life Cycle Initiative 2009) and its report Guidelines
for Social Life Cycle Assessment of Products. Practitioners
often report the need for more research in the development
and application of this methodology to improve consistency in
the procedures and uniformity in the presentation of results.
While 40% of the revised case studies propose the use of the
UNEP-SETAC Guidelines to evaluate social performance, on-
ly 7% of them actually implement this methodology, and this
is done in a simplified manner using “workers” as the only
impact and stakeholder category.

! The hybrid LCA-input output frameworks and the ad hoc LCSA frameworks
could be considered as examples of analysis tools for LCSA (analysis).
However, we chose to classify them differently because the analysis structure
does not correspond to the given definition of the LCSA (analysis) framework.
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In order to facilitate decision-making, the LCSA needs to
be completed with a final step that involves the evaluation,
integration and aggregation of results obtained for each of the
three sustainability dimensions (as it is also required for E-
LCA and S-LCA results). The aggregation step is currently a
matter of debate. The main difficulty when aggregating the
results is the quantification of the relative significance of each
sustainability dimension and indicator selected (the weighting
process). This problem may be addressed using multi-criteria
decision making (MCDM) methods, as they are able to create
tailored weighting sets to aggregate diverse indicators. Wang
et al. (2009) performed a review of MCDM methods applied
to evaluate sustainability in the energy sector and reported the
analytic hierarchy process (AHP) as the most popular one.
However, since the weighting exercise clearly conditions the
objectivity of the final results, some authors prefer to not ag-
gregate the results, but to integrate them into a graphic layout.
This may be used directly by decision makers, while keeping
open (and sometimes facilitating) the possibility of applying
certain weighting sets for results aggregation. The use of
graphic methods to integrate results in a transparent and visual
manner has been proposed and used by different authors
(Finkbeiner et al. 2010; Hardi and Semple 2000; Jesinghaus
2000). Specific diagrams designed for this purpose are the
Life Cycle Sustainability Dashboards and the Life Cycle
Sustainability Triangle. The former is designed to display,
integrate and aggregate results for each analysis dimension
using a colour-coded panel and a given weighting set that
allows to rank the sustainability of different alternatives
(Traverso et al. 2012). The Life Cycle Sustainability
Triangle is useful to discern which of two alternatives has
higher sustainability on the basis of three different indicators
(one for each sustainability dimension) and different
weighting sets (Finkbeiner et al. 2010). Of the 27 case studies
revised, 33% did not use any type of aggregation or integra-
tion method and 26% used different types of diagrams to
display the results in an integrated way. Most of these dia-
grams compare the results of different alternatives in relative
terms, setting the best and worst results for each alternative as
maximum and minimum performance in each area. Only two
of those studies applied the Life Cycle Sustainability
Dashboard and aggregated the results considering equal
weighting factors. The remaining 40% applied or proposed
the use of different types of MCDM for results aggregation,
being the AHP the most common (15%).

Regarding the completeness of the case studies revised,
only 30% of them included the analysis of the three sustain-
ability pillars together with the aggregation of results (using a
weighting method) and the final interpretation, while the other
70% of studies were missing either the analysis on the social/
economic area, and/or the final integration of results. This is
an indication of the major challenge behind assessing and
integrating all three sustainability areas with a life cycle

perspective. More LCSA case studies are needed to facilitate
the development of a sound and unified methodological
framework, and show the way to future practitioners.

1.2 Goal of this study

This article responds to the needs expressed by the scientific
community to test the use of life cycle-based sustainability
analysis for different products and in different sectors. Due
to its innovative approach and potential advances, the study
has been based on the premises of the LCSA (analysis) frame-
work, covering the three dimensions (environmental, econom-
ic and social) of sustainability. The methodology has been
applied to evaluate the sustainability of HYSOL (from
HYbrid SOLar), a novel type of hybrid concentrated solar
power (CSP) plant designed to operate using both solar energy
and auxiliary fuels. The incorporation of high capacity ther-
mal energy storage (TES) and the use of aeroderivative tur-
bines with thermal recovery for the integration of auxiliary
fuels has been reported to improve efficiency, dispatchability
and firmness in the generation of power, compared with con-
ventional CSP. The interest of this paper lays not only on the
sustainability results obtained for the HYSOL technology but
primarily on the operationalization of LCSA (analysis) frame-
work. These include definition of structural concepts (general
approach, definition of objectives, analysis tools and choice
indicators for each sustainability dimension, communication
of results), practical issues such as the combination of differ-
ent analysis levels and integration of different sustainability
dimensions, and the definition of system boundaries for each
sustainability dimension.

2 Methodology proposal and application
to a case study

This section describes the life cycle-based sustainability anal-
ysis of the hybrid HYSOL solar power technology using the
LCSA (analysis) approach. The proposal builds upon the op-
erational framework proposed by Hu et al. (2013), which fol-
lows the provisions described in the CALCAS project
(Heijungs et al. 2009; Zamagni et al. 2009). The proposed
analysis framework is outlined in Fig. 1 and consists of three
interrelated and iterative phases: (1) goal and scope definition,
(2) modelling and application of tools, and (3) interpretation
of results. Methodological and practical aspects in the appli-
cation of each of these phases are discussed below.

The investigation has been carried out in the context of the
HYSOL project (CP 308912), funded by the European
Commission (EC) under the FP7-ENERGY-2012-1 program
and aimed at developing a hybrid power plant which may
operate using solar energy and/or auxiliary gas fuels (in the
form of biomethane or natural gas) for improved efficiency
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Fig. 1 Three steps of the
proposed framework for life cycle
sustainability assessments

tools

and dispatchability. The aim of applying LCSA (analysis) to
this investigation is twofold: first, to evaluate the practical
value of the methodology in the sustainability analysis of a
given technology; and second, to determine its usefulness in
the process of decision making under a public management
context.

2.1 Goal and scope definition

The goal and scope definition phase of this evaluation in-
cludes three steps: (1.1) broad system definition, (1.2) defini-
tion of system alternatives and scenarios, and (1.3) defining
sustainability sub-questions.

2.1.1 Broad system definition

The Broad system definition step is aimed at providing a com-
prehensive description of the system under consideration in
order to define the problems and the main decisions at stake,
to identify key relations (synergies, conflicts, compensation,
etc.) between material elements, between processes and actors
that make out the system and also between the three sustain-
ability dimensions (environment, economy and society). This
step should also indicate the main goal of the investigation,
which take the form of a “main sustainability question.” This
question needs to be clear and unambiguous, specifying the
context of the investigation, the functions that need to be ful-
filled by the analysis and the level of the analysis (micro for
project/product, meso for activity sector and macro for the
global economy) (Heijungs et al. 2009).

The HYSOL technology sets the technical basis for a new
concept of CSP plants designed to operate in hybrid mode
using a gas auxiliary fuel that is integrated into the system
using combined cycle technology. In this configuration, the
exhaust gases generated in the aeroderivative gas turbine are
directed to an innovative heat recovery system (HRS) de-
signed to heat the molten salts contained in a thermal energy
storage (TES) system. The specific characteristics of the
HYSOL plant (regarding steam and gas turbines capacities)
and its operating strategy (in terms of solar fraction) may be
adapted to the availability of the solar resource and the
regional/national demand curve in order to generate electricity
on demand at lower costs. The HYSOL technology achieves a
higher energy efficiency than conventional CSP plants de-
ployed in Spain. Further details about the HYSOL technology
and its potential in the Spanish energy system may be found in
San Miguel et al. (2015) and Servert et al. (2015). The
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function of the HYSOL system is, hence, to supply electricity
to the grid in a dispatchable manner. The functional unit is
1 MWh of electricity poured into the grid.

The central goal of this LCSA derives from providing a
comprehensive response to the following main sustainability
question: 7o what extent may the HYSOL technology improve
the sustainability of power generation in the Spanish electric-
ity sector? The response to this question should cover all three
sustainability dimensions: environment, economic and social.
A supplementary goal is also set in the form of a secondary
sustainability question: In the context of a future Spanish re-
newable energy plan, which CSP technology should be
favoured considering sustainability criteria? This second part
of the analysis should aim to facilitate decision makers in the
selection of the most sustainable solar thermal power technol-
ogy, including HYSOL and conventional CSP.

Table 1 provides information about the technical char-
acteristics of the two solar thermal power plant concepts
considered in this investigation. The HYSOL plant is
based on dry cooling central tower CSP technology de-
signed to operate in hybrid mode using a 100-MWe steam
turbine and an 80-MWe gas turbine for the combustion of
auxiliary gas fuel. The plant also incorporates a molten
salt TES system based on two-tank indirect technology
yielding 14 h of full capacity storage. When adapted to
the solar resource and demand curve of the Spanish elec-
tricity market, the solar fraction of the HYSOL plant rep-
resents 45% of the total energy input, consuming 3.40 x
10° MJ/year of auxiliary gas fuel for a total power output
of 799,437 MWh/year. This investigation considers two
options for HYSOL technology depending on the nature
of the auxiliary fuel: biomethane (referred to as HYSOL
BIO) or natural gas (referred to as HYSOL NG), the for-
mer option resulting in the generation of 100% renewable
electricity.

The HYSOL technology has been tested for sustainability
against a second solar plant concept, which represents the CSP
technology most widely deployed in Spain as follows:
50 MWe wet cooled based on parabolic trough collectors
(PTC) with 7.5-h capacity TES and hybrid mode operation
with 15% natural gas. The natural gas is burnt using an open
cycle boiler parallel to the solar field. Due to its reduced ca-
pacity and higher solar fraction (85%), this plant consumes
significantly less natural gas 3.37 x 10 and generates less
electricity (194,677 MWh/year) than the HYSOL plant. A
key difference between HYSOL and conventional CSP tech-
nology relates to the improved dispatchability (i.e. capacity to
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Table 1 Technical characteristics
of the concentrated solar plants

(HYSOL and conventional CSP)
considered in the LCSA

Characteristics of the power plant HYSOL? CSP PTC
Direct normal irradiation (kWh/mz/year) 2086 2086
Installed capacity (MWe) 180 50
Heliostats/solar collectors (units) 9151 624
Aperture (m?) 1,321,174 510,120
Tower height (m) 201 -
Thermal storage capacity (h) 14 7.5
Annual electricity poured into the grid (MWh/year) 799,437 194,677
Solar fraction (%) 45 85
Consumption of fuel (MJ/year) 3.40 x 10° (Biomethane) 3.37 x 10® (Natural gas)
Direct water consumption (O&M? phase) (m>/year) 1.16 x 10° 1.11 % 10°
Cooling system Dry Wet

*HYSOL BIO when using biomethane as auxiliary gas and HYSOL NG when using natural gas

generate on demand) of the former. This essential difference in
the functionality of the systems was also considered in the
impact evaluation and discussion of results.

2.1.2 Making scenarios

The Making scenarios step involves describing the different
environmental, social, economic and/or technology alterna-
tives that will be used for the construction of the sustainability
models (e.g. deployment scenarios, alternative plant designs,
operating conditions, etc.). This step provides a comparative
basis for decision making, and it is especially relevant in pro-
spective analyses considering future scenarios.

The scenarios contemplated in this investigation refer to the
deployment of CSP technology in Spain in order to fulfil the
objectives set in The Spanish National Plan for Renewable
Energies (Plan de Energias Renovables (PER)) for period
2011-2020 (IDAE 2011). This involves the installation of
2.5 GW of CSP, which could be supplied in the form of con-
ventional CSP or HYSOL plants. Considering that one
HYSOL power plant located in Spain would produce
800 GWh/year of electricity and one standard CSP PTC plant
produces 195 GWh/year (according to the operation
conditions indicated in Table 1), fulfilling the objectives of
PER for 2020 would involve the installation of 12 HYSOL
plants or 48 CSP PTC plants.

2.1.3 Defining sustainability sub-questions

Once the system has been described and the alternative sce-
narios have been defined, the next step involves framing the
sustainability sub-questions that will connect the research
problem (main broad sustainability question) with specific
objectives that are measurable and have a more restricted
scope. The sustainability sub-questions will define the concrete
assessment steps in each sustainability dimension, and also the
specific quantification tools needed and their analysis level

(micro, meso or macro). The response to the main sustainability
question derives from the responses generated to the sub-ques-
tions, which are also the basis for the conclusions and recom-
mendations of the assessment (Heijungs et al. 2009).

The sustainability sub-questions posed in this investigation
are described in Table 2, together with the tools required to
provide an answer. The main sustainability question has been
broken down into 11 sub-questions, each one addressing a
specific aspect of the environmental, economic and social di-
mensions relevant to the goal of the analysis and the technol-
ogy under study. The response to each of these questions
requires the calculation of at least one quantitative indicator.
The scope for most of these sub-questions adheres primarily to
micro (project) level analysis, while questions ¢ and / relate to
meso (electricity sector) level issues, and questions f and g
relate to macro level (Spanish economy).

Regarding the environmental dimension, questions a and b
are aimed at defining the environmental performance of the
HYSOL technology, and compare it with conventional CSP-
PTC. E-LCA was the tool selected to provide a quantitative
response to these two questions, since it is the most widely
accepted methodology to evaluate the environmental dimen-
sion of goods and services (European Commission 2003).
Question b is aimed at evaluating the consequences of inte-
grating the HYSOL technology into the Spanish electricity
sector. Responding to this question requires the application
of a consequential approach that takes into consideration not
only the environmental performance of the solar technology
but also changes in the electricity market resulting from the
displacement of existing technologies.

Questions d, e and f are aimed at describing the economic
performance of the two technologies under consideration:
HYSOL and CSP-PTC. Two different analysis tools were
used in combination to provide a comprehensive description
of this sustainability dimension: LCC was used to quantify the
economic performance of the system from the perspective of
the owner of the power plant, and multiregional input-output
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Table 2
scope, together with their analysis level and the analysis tool proposed

Sustainability sub-questions framed to define specific goals of the sustainability analysis of the CSP technologies, as defined by the goal and

Environmental dimension Tool

Selected indicators

a. What is the life cycle environmental impact
of producing electricity with HY SOL technology?

b. What changes are expected in the environmental
impact of the electricity sector as a result of introducing
HYSOL technology?

c. Is the environmental impact of HY SOL technology
lower than conventional CSP plants?

Attributional E-LCA

Consequential LCA

- Climate change (kg CO2 eqg/MWh)
- Water stress (m3/MWh)

- EPBT (months)

- Single score environmental impact

(ptyMWh)

Consequential E-LCA

Economic dimension Tool Selected indicators
d. What is the life cycle cost of producing electricity LCC - Life cycle cost (E/MWh)
using HYSOL technology, from the perspective - Cost balance (€/MWh)
of the owner of the power plant?
e. Is the life cycle cost of HYSOL electricity lower LCC
than that of conventional CSP plants?
f. What is the effect of HYSOL life cycle on the MRIO - G&S (€/MWh)
global generation of goods and services (G&S), and value - Value added (%)
added? - Multiplier effect
g. What changes are expected in the global generation MRIO (net results) - Net G&S (€/MWh)
of goods and services, and of value added as a result - Net value added (%)
of introducing the HY SOL technology into the electricity
market?
Social dimension Tool Selected indicators
h. Does HYSOL technology promote employment MRIO (net results) Employment generated (person-year)

creation in the Spanish electricity sector?

i. What are the social risks of the HYSOL
technology supply chain?

j- Is the employment generation and social risk

of HYSOL electricity lower than that SHDB)
of conventional CSP plants?
k. Does the HYSOL technology improve social S-LCA

conditions in Spain at the sector level?

S-LCA (with SHDB)

MRIO (net results), S-LCA (with

Weighted social risks (pt)

Net employment generated (h/MWh)
Social risks (pt/MWh)

Company social performance (pt/MWh)

SHDB Social Hotspots Database

(MRIO) analysis was used to evaluate the impact of the solar
plants on a series of macro-economic indicators affecting the
national and international economies. The scope of sub-
question g covers the economic effects of the technology in
the electricity sector. This requires including in the analysis
the displacement of existing technologies as considered in the
environmental dimension. These economic effects were eval-
uated using MRIO Analysis methodology with a net approach
(Corona et al. 2016a).

Regarding the social dimension, questions h and i are
aimed at describing the potential social risks and employment
generated (both local and national) by the solar system.
Question j is aimed at comparing the aforementioned social
issues with a conventional CSP plant, while the last question
(k) is aimed at investigating if the social performance of the
companies involved in the HYSOL supply chain would im-
prove the social conditions (labour rights, health and safety,
fairness of relationships, socioeconomic effects in several
stakeholders) in Spain. MRIO analysis was also used to cal-
culate employment generation associated with the life cycle of
the solar technologies. Additional aspects of the social
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dimension related to human welfare were evaluated using S-
LCA methodology. A more comprehensive discussion about
the application of this methodology for the analysis of the
solar plants (including a novel classification and characteriza-
tion method) is found in Corona et al. (2017).

2.2 Modelling and application of analysis tools

This second phase of the LCSA (analysis) relates to the
modelling of the systems under investigation. This is done
using the analysis tools proposed in Sect. 2.1.3 to produce a
series of quantitative indicators that describe the sustainability
of the scenarios. The analyses were based on comprehensive
economic, materials and processes inventory of the solar tech-
nologies (both HYSOL and conventional CSP-PTC), cover-
ing the following cradle-to-gate life cycle phases: material
extraction and manufacturing (E&M), construction (C), oper-
ation and maintenance (O&M), and dismantling and disposal
(D&D). Primary inventory data (including plant components,
infrastructures, construction, auxiliary systems, operation and
maintenance, water and fuel consumption, power generation,



Int J Life Cycle Assess (2019) 24:1444-1460

1451

etc.) were provided by the engineering companies IDie S.L.
and ACS-COBRA S.A., both specialized in CSP technology
and based in Madrid (Spain). Primary inventory data for the
biomethane system were supplied by Biogas Fuel Cell S.L.,
based in Asturias (Spain). The end-of-life of the materials
employed in the construction of the energy systems were
modelled considering existing waste management scenarios
in Spain. More details about data selection and modelling
choices for each of the sustainability dimensions are described
in the following sections.

2.2.1 Analysis of the environmental dimension

The E-LCA models were built and run in SimaPro 8.0.3 using
the Recipe Midpoint and Endpoint Europe (H perspective)
methods for the classification, characterization, normalization
and weighting of environmental impacts (Goedkoop et al.
2009). This evaluation method was chosen as it is a well-
established method containing all the environmental catego-
ries relevant for the technology, and covered the geographical
and temporal scope of the analysis. The cumulative energy
demand (CED) v9 method (Hischier et al. 2010) was applied
to determine primary energy demand for the calculation of
EPBT. Water scarcity was calculated using the water stress
index, taking into account direct water consumption during
the operation and maintenance of the solar plants and regional
water stress indices as published by Pfister et al. (2012).
Ecoinvent v.3 allocation default and consequential approaches
(Weidema et al. 2013) were used to model secondary inven-
tory data on the following systems: processing of raw mate-
rials, manufacturing of plant components, construction activ-
ities, waste treatment and transport processes. The end-of-life
scenario for the power plant materials assumed recycling as
main treatment for most of the materials (80% for iron, 90%
for aluminium, 95% for copper and 60% for plastic, paper,
glass, bricks and concrete), except for wood and the insepara-
ble fraction of the aforementioned materials (100% incinera-
tion or landfill, depending on the material) and for oils and
molten salts (100% landfill for hazardous waste). System ex-
pansion was considered for the allocation of impacts to
recycled materials. Full information about additional assump-
tions, methodology details and life cycle inventories of the
systems under study have been published in (Corona et al.
2014, 2016b; San Miguel et al. 2016).

Four specific indicators were selected to represent the en-
vironmental profile of the solar technologies in the decision
making stage of the LCSA (corresponding with the secondary
goal of the study stated in section 2.1.1): carbon footprint,
energy payback time (EPBT), water stress and single score
environmental impact (Recipe 2008 Endpoint weighted
score). The first two were chosen attending to international
concerns regarding climate change and depletion of non-
renewable energy resources. Water stress was selected to

represent concerns regarding the potential incompatibility of
geographic locations with high solar radiation and limited
freshwater resources. The single score indicator was chosen
as it provides a comprehensive indication of the weighted
impacts on human health, quality of ecosystems and depletion
of resources, using a damage-oriented approach (endpoint).

Two different LCA approaches were applied to respond the
sustainability sub-questions: attributional and consequential.
Attributional LCA is the preferred approach to answer ques-
tions related to the environmental footprint of the system with-
out interacting with other systems (Wolf et al. 2010). This
approach was selected to determine the main environmental
impacts of the system and points of improvement at a micro
level (the generation of electricity in a single power plant),
answering to question a.

Consequential E-LCA was applied to calculate those indi-
cators intended to be used for comparative purposes (as in
questions b and c). The consequential approach takes into
account changes in the market derived from the demand of
one functional unit of the system and therefore is useful to
evaluate the impact of decisions, such as choosing between
two products or whether promoting one technology instead of
others, and it is the recommended approach when considering
a meso/macro level analysis (Wolf et al. 2010). In this case,
the consequential approach provides an assessment of the
consequences of deploying HYSOL technology into the elec-
tricity sector.

Application of the consequential approach required identi-
fying the technologies that would be displaced by the produc-
tion and provision of CSP electricity in the Spanish electricity
market. According to consequential modelling procedures, the
marginal technology is the unconstrained technology with
highest short-term or long-term production costs (depending
if the market trend is decreasing or increasing in demand)
(Mathiesen et al. 2009). The Spanish electricity market fol-
lows a liberalized marginal system where the price is deter-
mined hourly by the most expensive megawatt-hour fulfilling
the demand. The market behaviour is not only governed by
technology costs and energy resource availability but also by
regulations and complex corporate strategies aimed at maxi-
mizing benefits. The multiple variables affecting the electric-
ity mix in the Spanish electricity market complicate the search
for fully unconstrained and elastic technologies. Therefore,
the marginal technology in this case was determined by study-
ing the electricity market records (published by the Operator
of the Electricity Market in Spain) containing the actual mar-
ginal technologies with highest production costs (the ones
fixing the electricity price) each hour over a 1-year period.
These technologies were aggregated in the form of an annual
average mix of technologies and used as the short-term mar-
ginal technology. The resulting average mix of marginal tech-
nologies for the HYSOL scenarios was as follows: hydroelec-
tric 36.5%, natural gas combined cycle 5.3%, coal thermal
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27.1%, wind 13.7%, conventional CSP 1.4%, pumped-
storage 14% and imports from France 1.9%. Further details
about the methodology regarding the estimation of the mix of
marginal technologies for HYSOL and CSP power plants are
described in San Miguel et al. (2016) and Corona et al.
(2016a).

2.2.2 Analysis of the economic dimension

LCC analysis and MRIO analysis were used to estimate the
economic dimension of the HYSOL technology (in its two
alternatives HYSOL BIO and HYSOL NG) and the CSP
PTC technology. LCC methodology was used to quantify
economic effects at a micro analysis level (technology) (for
questions d and e), and MRIO with a net approach was used to
evaluate consequences at a meso and macro analysis level
(sector and global) (for questions f and g). The net approach
for the MRIO analysis consisted in considering the displace-
ment of other electricity technologies as a result of introducing
solar power, therefore accounting for the net economic effects
at a sector level (solar technology minus displaced energy
technologies) (Corona et al. 2016a).

Four indicators were selected to represent the economic
dimension in the decision making stage of the LCSA: life
cycle cost, costs balance per functional unit, net value added
and multiplier effect. The life cycle cost represents the summa-
tion of all the costs incurred in the life cycle of the power plant
from the perspective of the power plant owner, while the cost
balance per functional unit gives an indication of the profits
yielded from selling the electricity (i.e. the balance between
the costs and the revenues). Value added in input-output anal-
ysis is defined as gross output at basic prices minus the cost of
intermediate goods and services at purchasers’ prices (includ-
ing wages, profits and net taxes on production) (Timmer et al.
2012). The sum of all value added produced by every industry
within a given economy equals its gross domestic product
(Timmer et al. 2015). In this study, the indicator net value
added represents the difference between the value added gen-
erated in Spain by all the industries affected by the demand of
good and services (G&S) generated by the solar power plants
and the value added lost due to the displacement of other
technologies by the deployed solar plants. Therefore, the
higher the net value added, the higher the economic growth
generated in Spain by the project. The multiplier effect gives a
measure of indirect economic activities caused by the demand
of a specific set of G&S, in this case those generated by the
deployment of the solar plants. The multiplier effect in this
study gives a measure of the amount of indirect and induced
G&S produced globally due to the direct demand of G&S
from the solar power plants.

The first two indicators represent the cost and profitability
of the technology from the perspective of the power plant
owner (and seller of electricity), while the latter two represent

@ Springer

the generation of economic welfare affecting the economic
prosperity of society as a whole (value added for Spain, and
multiplier effect for the whole world). These indicators were
chosen due to their ability to represent the two dimensions of
economic sustainability: profitability from the company’s pri-
vate perspective and economic gains for the benefit of society
as a whole (see economic debate mentioned in Sect. 1.1 and
discussed by Jorgensen et al. 2013; and Wood and Hertwich
2013).

In order to maintain coherence in the integration of sustain-
ability results, the system boundary adopted in these analyses
was similar to that employed in the E-LCA. The main differ-
ences are related to the inclusion in the economic analysis of
project management activities such as project engineering,
bank financing services and insurances, which are relevant
to economic and social analyses but not for environmental
analyses. Another difference with respect to E-LCA is the
use of discounting rates. Economic impacts are discounted
to account for the value of money across time (associated with
costs of opportunities, investment risks and inflation), while
environmental impacts are typically not discounted because
environmental impacts in the future should not be less impor-
tant than present impacts.

The economic inventories used in this analysis covered
purchase costs of power plant components (E&F phase), con-
struction costs (C phase), operation and maintenance costs
(O&M phase), and dismantling and disposal costs (D&D
phase). The economic analyses assumed that 70% of the cap-
ital investment was covered by a 20-year fixed-rate bank loan
and the remaining 30% by equity. Cash flows were actualized
assuming a 6.698% discount rate, calculated as the weighted
average cost of capital (WACC) of the bank loan (70% invest-
ment at 6.398%) and the expected return for the investor (30%
investment at 7.398%). Revenues from electricity sales were
calculated considering the amount of power poured into the
network, the average pool price of electricity in Spain (53.08
€/MWh), as reported by the national Ministry of Industry,
Energy and Tourism (Orden IET/1045/2014 2014), and also
financial incentives associated with power generation from
renewable energy resources (Real Decreto 413/2014 2014).
Full information about the methodology, data sources and
results of the LCC and MRIO analyses conducted on the solar
plants may be consulted at Corona et al. (20164, c).

2.2.3 Analysis of the social dimension

MRIO analysis and S-LCA were used to quantify the so-
cial dimension of the solar power technologies considered
in the LCSA. The three indicators selected to facilitate
decision making in this field were the following: employ-
ment creation, social risk and social performance of the
promoter. These indicators were chosen for their ability to
represent social issues of interest not only for Spanish
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policy makers (employment creation and social perfor-
mance of the promoter in Spain) (as indicators for ques-
tions % and k) but also for the whole supply chain (social
risk) (for questions 7 and j). Employment creation includes
both direct and indirect jobs derived from the economic
flows generated throughout the life cycle of the solar
plants. Direct jobs represent the labour resources neces-
sary to provide the direct demand for G&S (i.e. jobs cre-
ated by direct suppliers of G&S to the power plants),
while indirect jobs are defined as the labour resources
necessary to provide the indirect demand of G&S (i.e.
jobs generated by suppliers of the suppliers). The social
risk is a numerical indicator representing the social prob-
lems per functional unit that may arise as a result of eco-
nomic transactions occurring along the value chain of the
technologies considered. This indicator was calculated
using the Social Hotspots Database (SHDB) (Benoit-
Norris et al. 2013), which was used to model the global
supply chain of all the products and services associated
with the life cycle of the solar plants.

Based on the results of the hotspots analysis, a site-
specific assessment covering the construction (C),
Operation and management (O&M), and Dismantling (D)
phases was conducted to assess the relevance of the main
social issues raised by the risk assessment. The result of
this site-specific assessment is referred to as the “social
performance of the promoter,” an indicator taking into con-
sideration the social records of the organizations involved
in the life cycle of the energy systems, primarily in the
construction and operation of the solar plants in Spain.
This assessment was performed following the UNEP/
SETAC guidelines (UNEP-SETAC Life Cycle Initiative
2009) and considering the following impact categories:
“labour rights and decent work,” “health and safety,”
“cultural and natural heritage,” “fair relations” and
“socio-economic sustainability.” As explained in Corona
et al. (2017), these categories were represented by 24 indi-
cators and assessed by considering the performance of the
promoter company (involved in the construction and oper-
ation of the solar plants) in comparison to average social
performance in Spain. Further information on the subcate-
gories and indicators considered can be found in the
Electronic Supplementary Material. Equal weighting was
assumed for every indicator. The only company considered
in this analysis is a trans-national engineering firm based in
Spain with strong presence in the construction and energy
sectors that acted as promoter and operator of the solar
technologies. For the purpose of this investigation, it has
been assumed that the same company would undertake the
three projects considered (HYSOL BIO, HYSOL NG and
CSP PTC). Full details regarding methodology, indicators
and results in the social analysis of the solar plants can be
found in Corona et al. (2017).

2.3 Interpretation of results and decision-making

In the third and last phase of the LCSA (Interpretation of
results and decision making), the results obtained from the
application of the analysis tools in the modelling stage are
interpreted to describe the sustainability performance of the
system under study. These results are defined by the answers
to the sustainability questions stated in the goal and scope
step, and would be used by decision makers to ascertain the
sustainability of the system and guide them in the selection of
the best alternative and/or scenarios. This investigation pro-
poses that this final phase is carried out in two steps: (i) quan-
tification of sustainability and (ii) decision-making support.

The first step, quantification of sustainability, takes the
form of a series of numerical values and qualitative statements
produced in response to each of the sustainability questions
and sub-questions posed in the first stage of the LCSA (anal-
ysis). These responses provide information about the interpre-
tation and significance of results, methodological limitations
and uncertainties.

The second step, decision making, involves evaluating
choices and proposing recommendations based on the results
generated in the previous step. Weighting and aggregation of
the different sustainability criteria involved in the decision
process should preferably be avoided, as weighting factors
are based on value choices and aggregation of results would
eventually lead to a loss of information. However, when the
purpose of the sustainability analysis is to compare between
alternative products or scenarios, aggregation and weighting
of results would probably be useful for the decision maker. As
stated in Sect. 1.1, this can be assisted with MCDM methods
such as AHP, which converts the preferences of the stake-
holders into numerical values, resulting in a final score for
each alternative (Saaty 1990). The application of the AHP
method would require the participation of the stakeholders
affected by the system (in this case, representatives of the
private electricity sector, public administration, labour unions,
human rights organizations and environmental groups). Since
weighting of results is based on value choices, the sensitivity
of different weighting sets should be explored before making a
final decision.

The application of MCDM methods can be facilitated by
representing the sustainability results in a clear, simple and
unambiguous way, easy to understand by decision makers.
Different types of graphic representations can be used for this
purpose, which need to consider the following issues:

— They should facilitate the visualization of the best alter-
native for each sustainability indicator without the need
for complex instructions.

—  They should contain the quantitative value as calculated
for each of the indicators considered in each sustainability
dimension.
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Fig. 2 Colour-coded diagrams
(sustainability crowns) and colour
scale employed to represent the
sustainability performance of the
energy systems

—  Every indicator should be represented with the same rel-
evance, since the relative weight for each indicator would
be assigned by the decision makers (if needed).

—  They should provide performance information using in-
ternationally accepted codes (e.g. colour scale of traffic
lights).

—  The colour scale should represent relative differences for
each indicator among alternatives. For example, a signif-
icant difference in one indicator should be clearly identi-
fiable than a less marked difference (e.g. 200% higher
versus 10%).

Figure 2 illustrates the diagram (sustainability crown) pro-
posed in this investigation to facilitate decision making. The
information for each alternative is laid out in a circular dia-
gram divided into three equal size sectors, each one corre-
sponding to a sustainability dimension. The indicators/
criteria selected for each dimension are represented within
their corresponding sectors, together with their absolute nu-
meric value and their relative colour, which represents its per-
formance compared to the other alternatives.

The colour code and the relative value (%) assigned to each
indicator represents its percentage difference relative to the
average of this indicator in all the alternatives/scenarios eval-
uated, as determined in Eq. (1), where the average value is
calculated by the arithmetic mean of every alternative values:

Alternative value—Average value

%change = (1)

Average value

The colour scale follows the traffic light code where green
represents superior and red inferior than average, in terms of
sustainability performance. Yellow colour (0% change) is
assigned to values that are similar to the average of the corre-
sponding indicator. The relative % change may be positive or
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negative depending on the direction of the indicator. In those
indicators where a lower absolute value represents better sus-
tainability performance (e.g. kg CO, eq in carbon footprints),
the colour of the indicator should turn from yellow to green if
the % change is negative. However, if the % change is posi-
tive, the colour of the indicator turns from yellow to red
representing worse performance than the average. An indica-
tor performing 100% better than average is assigned intense
green and 100% worse receives intense red. The colour grade
assigned to each relative % value is also described in Fig. 3.
The colour scale is inverted in indicators where higher abso-
lute values represent improved sustainability (e.g. number of
employments).

The main difference of the sustainability crowns with re-
spect to the Life Cycle Sustainability Dashboard (Traverso
et al. 2012) is that the former compare the sustainability per-
formance between alternatives instead of to an average coun-
try value. This is especially relevant for micro level indicators
where no country average is available or applicable. Also, the
crowns do not provide a final aggregated sustainability value,
since the purpose is to facilitate aggregation and weighting in
decision making processes. Finally, the crowns provide more
flexibility to include different indicators in the diagram that
would not fit into the dashboard framework.

3 Results, interpretation and decision making

This section describes the short versions of the responses giv-
en to each of these questions.” Extended versions of these

2 We would like to note that many more indicators than the ones explained in
these answers were calculated, but we only focus on the final ones required to
assist in the decision making process (answering the secondary sustainability
question).
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Fig. 3 Sustainability crowns describing the performance of alternative solar power technologies (HY SOL BIO, HYSOL NG and CSP PTC)

responses and calculation details for every indicator may be indicators (mentioned in Sect. 2.2.1) of the hybrid solar ther-
consulted in the dissertation thesis of Corona Bellostas (2016) mal power plant, considering two technology scenarios: op-
and in San Miguel et al. (2016). erating with biomethane (HYSOL BIO) or natural gas
(HYSOL NG). These results were calculated using attribu-

3.1 Environmental dimension tional E-LCA.
b. What changes are expected in the environmental impact of
a. What is the life cycle environmental impact of producing the electricity sector as a result of introducing the HYSOL
electricity with HYSOL technology? Table 3 illustrates the technology? The environmental impacts associated with the
results for the four selected environmental sustainability production of electricity in the HYSOL plant (as calculated

Table3  Potential environmental impacts of the HY SOL technology in the four environmental indicators (attributional approach) selected in the LCSA

Climate change Water stress EPBT (months) Single score environmental
(kg CO, eq/MWh) (m*/MWh) impact (pt/MWh)
HYSOL BIO 45.9 0.164 6.1 8.27
GN 294 0.151 22 352
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C.

using attributional E-LCA and considering the four indica-
tors described above) were found to be lower than those
calculated for the mix of marginal technologies that would
be displaced as a result of the deployment of this technology
in Spain. Hence, the consequence of supplying HYSOL
electricity to the Spanish electricity market would be bene-
ficial to its environmental performance as a whole. Results
from the application of consequential E-LCA show that the
potential impact on climate change would be reduced by
414 kg CO,/MWh in the case of HYSOL BIO and 175 kg
CO,/MWh in the case of HYSOL NG. The weighted envi-
ronmental impact (single score) would be reduced by 59.8 pt
and 21.5 pt per MWh produced (by HYSOL BIO and
HYSOL NG, respectively). Meeting the targets for CSP in
Spain described in the National Plan for Renewable Energies
through the installation of 12 HYSOL plants (as considered
in Sect. 3.1.2) would reduce climate change emissions by
1.68 Mt CO,/year in the case of HYSOL GN and by
3.97 Mt COy/year in the case of HYSOL BIO.

Is the environmental impact of HYSOL technology lower than
that of conventional CSP plants? Table 4 shows that HY SOL
BIO achieved better results in all four environmental indica-
tors than CSP PTC. Conversely, HYSOL NG showed worse
environmental performance than CSP PTC in every indicator
except for water stress, due to the dry cooling technology
assumed in the former (compared to wet cooling in the latter).
However, it is worth noting that the CSP PTC technology
considered in this investigation (representing the most widely
used in Spain) does not provide the same function as the
HYSOL technology, since it has a lower generation capacity
(in terms of capacity factor) and reduced dispatchability (abil-
ity to generate on demand). When considering a CSP power
plant (either parabolic though or tower) with similar
dispatchability than the HYSOL power plant (which implies
higher NG hybridization), the environmental impacts of con-
ventional CSP plants are higher than that of HYSOL technol-
ogy for every scenario.

3.2 Economic dimension

d. What is the life cycle cost of producing electricity using

Table 4 Potential environmental

HYSOL technology in Spain from the perspective of the

owner of the power plant? The life cycle cost of electricity
produced using HY SOL technology was calculated using
LCC methodology as follows: 211 €/MWh for HYSOL
BIO and 154 €/ MWh for HYSOL NG. The lower cost of
HYSOL BIO relates to the fact that biomethane is current-
ly more costly to generate than the market price of natural
gas. The cost balance per functional unit for HY SOL BIO
is negative (— 12.6 €/ MWh), meaning that the production
of electricity using this technology is not profitable for the
perspective of the plant owner. However, the cost balance
of the HYSOL NG plant was positive (6.33 €/MWh),
meaning that the technology generates benefits in excess
of the expected return on the investment.

Is the life cycle cost of HYSOL electricity lower than that
of conventional CSP plants? The life cycle cost of elec-
tricity generation in the conventional CSP PTC plant (192
€/MWh) was 20% higher than HYSOL NG but 9.9%
lower than HY'SOL BIO. The improved economic perfor-
mance of HYSOL NG technology is due to its higher
energy efficiency (compared to conventional CSP), while
the lower performance of the HYSOL BIO technology is
due to the higher cost associated with the use of
biomethane (compared to natural gas).

What is the effect of HYSOL life cycle on the global gen-
eration of goods and services, and value added? The total
generation of goods and services throughout the life cycle
of the HYSOL BIO and HYSOL NG systems was calcu-
lated to amount to 529 €/ MWh and 330 €/ MWh, respec-
tively. The global value added accumulated in the supply
chain (due to the indirect economic activity) represents
44.4% and 43.0% of the total value of G&S generated in
HYSOL BIO and HYSOL NG, respectively. The global
multiplier effect, measuring the capacity of the technolo-
gies to generate indirect G&S, was determined to amount
to 2.42 and 2.48, respectively. The differences observed
between the two HYSOL systems may be attributed to the
higher value added generated by the life cycle of
biomethane, compared to natural gas.

What changes are expected in the global generation of
goods and services, and of value added as a result of
introducing the HYSOL technology into the electricity
market? The MRIO analysis, conducted using a net ap-
proach (i.e. considering displacement of other electricity
technologies as a result of introducing solar power),

impacts of HYSOL technology Climate change Water stress EPBT Single score
compared to CSP technology in (kg CO, eq/MWh) (m*/MWh) (months) environmental impact
the four main environmental (pt/MWh)
indicators (consequential
GN -175 0.151 22 -21.5
CSP PTC (15% NG) —333 3.69 13 -29.2
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concluded that the deployment of HY SOL BIO increased
the generation of G&S and value added in Spain by 145
€/MWh and 88 €/ MWh, respectively. The deployment of
HYSOL NG would cause a 24.8 €/ MWh reduction in the
generation of G&S in Spain but a 6.27 €/ MWh increase in
value added. However, when considering net effects for
the global economy, the results indicated a decrease in
both global G&S generation and global value added.
These results suggest that HYSOL technology would in-
crease macro-economic benefits in Spain at the expense of
foreign economies.

3.3 Social dimension

h. Does HYSOL technology promote employment creation
in the Spanish electricity sector? Net employment gener-
ated in Spain due to the deployment of HYSOL technol-
ogy in the Spanish electricity market (according to the
scenario defined in Sect. 2.1.2) resulted in the creation
of 454,090 person-year for HYSOL BIO and 158,106
person-year for HYSOL NG.

i.  What are the social risks of the HYSOL technology supply
chain? Weighted social risks associated with HYSOL
technology amount to 0.45 pt/MWh when using
biomethane as auxiliary fuel (HYSOL BIO) and 1.26 pt/
MWh when using natural gas (HYSOL NG). The higher
value observed in the latter scenario is due to increased
social risks associated with the provision of NG, primarily
imported from Algeria. In Spain, the social risks associated
with the life cycle of HYSOL plants are related to gender
inequality, corruption, labour injuries and immigrants, as
determined by applying the economic inventory of the
technology to the Social Hotspots Database (SHDB).

j. Is the employment generation and social risk of HYSOL
electricity lower than that of conventional CSP PTC

plants? Net employment generated by conventional CSP
PTC plants in Spain amounts to 4.6 h/MWh, which is
higher than the values calculated for HYSOL BIO (3.3 h/
MWh) and HYSOL NG (1.2 h/MWh) plants. This reduced
employment generation (per functional unit) observed in
HYSOL plants is mainly associated with the higher energy
efficiency achieved by this novel technology, which re-
quires the same number of workers in the O&M phase
for a higher electricity output.

The social risk of HYSOL GN (1.26 ptMWh) is higher
than that of CSP PTC (0.96 pt/MWh) due to the reduced solar
fraction of the former and the high social risk associated with
natural gas imported from Algeria. However, the social risk of
HYSOL BIO is lower than that of CSP PTC (0.45 pt/MWh)
due to the reduced social impacts associated with the
biomethane (compared to natural gas).

k. Does the life cycle of HYSOL technology improve social
conditions in Spain? The S-LCA shows that the life cycles
of HYSOL power plants (BIO and NG) both have posi-
tive effects on labour rights, safe and safety, cultural and
natural heritage, fair relations and socio-economic sus-
tainability of workers, local communities, society and val-
ue chain actors. This is because the promoter and operator
of these plants have been considered to perform better in
social terms than the Spanish average. This positive effect
is especially relevant for the society stakeholder and the
“socio-economic sustainability” category, while the
“labour rights and decent work” category is the one
benefiting the least. Hence, the deployment of HYSOL
BIO and HYSOL NG would both result in a slight benefit
of social welfare in Spain. The aggregated score of social
performance amounts to 0.416 points, which lays between
the values for “similar performance than the average” (=
0) and “better performance than the average” (= 1).

3.4 Presentation of results for decision making

The secondary goal of the study is to provide a response to the
question: “In the context of a future Spanish renewable energy
plan, which CSP technology should be favoured considering
sustainability criteria?”. To facilitate the selection of the most
suitable technology, Fig. 3 illustrates the sustainability crowns
defined for each of the three alternative technologies consid-
ered in the LCSA. Since the sustainability crowns are intended
for comparative purposes, only the consequential results from
the E-LCA analyses and the net values from the MRIO anal-
yses were used to represent the indicators climate change,
single score and value added. As observed in the diagrams,
HYSOL BIO produced the best results in terms of environ-
mental and social performance, with all the indicators marked
in green, representing performance better than average (except
for social performance, which produced the same value in all
the alternatives). However, this technology produced the
worst results with regard to economic performance, particu-
larly in the indicator cost balance.

The substitution of biomethane with natural gas in HYSOL
NG penalized the environmental and social performance of
the technology, as demonstrated by the predominance of red-
dish colours in the environmental and social sectors of the
sustainability crowns. The only exception is water stress,
due to the higher water demands generated by the biomethane
life cycle. In contrast, the HYSOL NG technology exhibited
improved economic performance primarily due to superior
cost balances and life cycle costs.

Conventional CSP PTC performed slightly better than av-
erage in all the environmental indicators (except for water
stress due to use of wet cooling instead of dry cooling in the
Rankine cycle) and very similar to average in the social
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dimension. Conventional CSP PTC performed worse than
HYSOL BIO but better than HYSOL GN in the environmen-
tal and social indicators, while the opposite was observed in
the economic dimension.

The results described in this section show that none of the
solar power alternatives performed best in all the sustainability
dimensions and indicators evaluated. Hence, selection of the
most sustainable alternative is not straightforward, requiring
the application of some kind of multi-criteria decision making
(MCDM) analysis. The use of analytic hierarchy process
(AHP) would be facilitated by the use of the sustainability
crowns described above, which could be used by stakeholders
to interpret the results obtained in the LCSA.

4 Conclusions

This paper responds to the need expressed by the LCA com-
munity to test the practical application of life cycle-based sus-
tainability assessment on different products and services fol-
lowing a scientific, systematic and quantitative approach. The
described case study investigates the use of LCSA to evaluate
the sustainability of deploying a novel hybrid solar power
technology (HYSOL) in Spain. The methodology employed
in this analysis builds upon the LCSA (analysis) framework
developed in the CALCAS project. Despite its narrower ac-
ceptance, this framework provides more flexibility in the iden-
tification of objectives, definition of scope and selection of
analysis, and aggregation tools than the more conventional
LCSA (assessment) framework proposed by UNEP/SETAC.
This makes it more suitable to adapt to the needs of specific
products, enclose the complexity of real systems and adjust to
the interdependences between the three sustainability dimen-
sions (economic, social and environmental).

Regarding the application of LCSA (analysis) to evaluate
the sustainability of HY SOL technology, this case study dem-
onstrates the usefulness of using sustainability questions and
sub-questions to define general and specific objectives of the
analysis, outline its scope, select the most appropriate analysis
tools and devise the means to draw together and communicate
the results. The analysis tools selected in this case study ex-
tend beyond those proposed by LCSA (assessment) approach
(LCA, LCC and S-LCA), including also attributional and con-
sequential E-LCA, LCC, MRIO, Social Hotspots Analysis
and S-LCA. MRIO analysis was useful at quantifying the
socio-economic performance of the product from a society
perspective instead of only from a private or partial perspec-
tive. The consequential approach used in E-LCA (considering
technologies displaced by the introduction of HYSOL tech-
nology), the net approach used in MRIO and the relative ap-
proach in S-LCA (comparing social performance of HYSOL
against the average in the sector) were useful at quantifying
the sustainability effect of the system at a meso level.

@ Springer

The need to use a wider range of analysis tools in this case
study was found to be time consuming and required the in-
volvement (or training) of practitioners covering a wider range
of skills. However, once the goal, scope and inventory steps of
the framework were defined, the application of the analysis
tools was straightforward. As with conventional LCA meth-
odologies, the most time-consuming phase was collecting pri-
mary inventories and adapting the data to existing databases
(i.e. ecoinvent and others for LCA, WIOD for MRIO, SHDB
and international statistics for S-LCA).

Regarding the interpretation step, the use of weighting and
aggregating procedures to generate a single indicator that in-
corporates all three sustainability dimensions would lead to
information losses and increased uncertainty. However, aggre-
gation of results may still be required for decision making
when comparing with alternative products or services. In such
cases, providing that the alternatives have been assessed using
exactly the same methodology and scope, multi-criteria deci-
sion-making methods (i.e. analytic hierarchy process with par-
ticipation of stakeholder representatives) may be useful to
define weighing factors prior to aggregation. This exercise
may be facilitated using circular diagrams (sustainability
crowns) that provide a visual representation of the sustainabil-
ity profile of the system as determined in the LCSA. These
simplified diagrams should be accompanied by a report pro-
viding complete information about methodological aspects of
the analysis, including sensitivity analyses, uncertainty and
methodological limitations of the results.

The application of the LCSA (analysis) framework to the
HYSOL technology revealed significant differences depend-
ing on the type of hybridization fuel. The use of biomethane
improved the environmental, economic (at meso level) and
social sustainability of the system compared to natural gas,
but reduced its economic performance at a company (micro)
level. When comparing HYSOL with conventional CSP, the
results evidenced that the innovations achieved by HYSOL
technology would also redound to the sustainability of the
Spanish electricity sector (when comparing to a CSP plant
with the same electricity production and dispatchability).

The influence of time in this study has only been contem-
plated in the economic dimension via discount rates for infla-
tion, opportunity risks and future changes in fuel costs. This is
an important limitation considering that the technology would
be deployed in the future. The use of a dynamic approach
taking into account the timing of emissions, future changes
in technologies and climate, markets evolution and social
trends in the medium term would certainly enrich the results
and the conclusions of the analysis, and it is highly recom-
mended as a means to improve this methodological proposal.
This study would also be improved with the inclusion of an
AHP method in the decision making step. Although this final
step was not performed, all the recommendations and neces-
sary information is provided in Sect. 2.3.
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