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Sustainable development of energy systems requires consideration of all three sustainability dimensions:
environmental, economic and social. Current work presents a new decision-support framework for
facilitating this. Taking a life cycle approach, the framework integrates the three sustainability di-
mensions to enable assessments at both technology and systems levels. The framework comprises
scenario analysis, life cycle assessment, life cycle costing, social sustainability assessment and multi-
criteria decision analysis, which are used to assess and identify the most sustainable energy options.
The application of the framework is illustrated on the example of future electricity supply in Mexico.
Eleven scenarios up to 2050 have been developed considering different technologies, electricity mixes
and climate change targets. The results show that, based on the 17 sustainability criteria used in this
work, the business-as-usual scenario, mostly based on fossil fuels, is unsustainable regardless of the
preferences for different sustainability criteria. This is mainly due to the high costs and environmental
impacts associated with fossil fuels. Overall, the most sustainable scenarios are those with higher
penetration of renewables (wind, solar, hydro, geothermal and biomass) and nuclear power. These
electricity pathways would enable meeting the national greenhouse gas emission targets by 2050 in a
more sustainable way than envisaged by the current policy. However, some trade-offs among the sus-
tainability criteria are needed, particularly with respect to the social impacts. These trade-offs can be
explored easily within the decision-support framework to reveal how different stakeholder preferences
affect the outcomes of sustainability assessment, thus contributing to more informed decision and policy

making.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

differ greatly in their scope and methodology (Nakata et al., 2011;
Stamford and Azapagic, 2011). As shown in Table 1, they vary ac-

Sustainable development of energy systems is becoming
increasingly more important for policy and decision makers
worldwide. The main global policy objectives include economic
growth, security of energy supply and mitigation of the effects of
climate change (IPCC, 2007; IEA and OECD, 2008, 2010). Meeting
these policy aims requires consideration and integration of all three
sustainability aspects of energy systems: environmental, economic
and social. This is progressively being recognised by decision and
policy makers (Ness et al., 2007; Jeswani et al., 2010; UNEP and
SETAC, 2011) and is reflected in a number of studies that have
considered the sustainability of energy systems (see Table 1).
Although most studies focus on electricity (rather than heat), they
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cording to system boundaries (at the national, local, or technolog-
ical level), time horizon (current, short, medium and long-term),
the type and number of sustainability aspects and indicators
considered (technical, environmental, economic and social),
methodologies for the assessment (e.g. life cycle assessment, life
cycle costing, etc.) and methods for integrating sustainability con-
siderations (e.g. subjective approach, multi-criteria decision anal-
ysis, etc.). For example, most studies focused on electricity
technologies (e.g. May and Brennan, 2006; Evans et al., 2009;
Maxim, 2014) and only a few authors considered integrated elec-
tricity systems (e.g. Karger and Hennings, 2009; Kowalski et al.,
2009; Gujba et al., 2011). The studies that looked into the future
electricity generation typically considered the time horizons from
2020 up to 2050 with several studies using scenario analysis for
these purposes (e.g. Heinrich et al., 2007; Keles et al.,, 2011).
Although most studies considered all three dimensions of
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Table 1

Recent studies on sustainability assessment of electricity generation.

Study

Aim and scope

Time horizon

Scenario analysis

Sustainability indicators

Number

Life cycle approach

Integration of indicators

May and Brennan (2006)
Heinrich et al. (2007)
Chatzimouratidis and

Pivalachi (2009a; b)
Evans et al. (2009)

Jacobson (2009)

Karger and Hennings, (2009)

Kowalski et al. (2009)

Roth et al. (2009)

Schenler et al. (2009)
(NEEDS project)

Gallego-Carrera

and Mack (2010)
Gujba et al. (2010, 2011)
Onat and Bayar (2010)

Rovere et al. (2010)

Streimikiene (2010)

Dorini et al. (2010)

Jeswani et al. (2011)

Keles et al. (2011)

Stamford and Azapagic
(2011, 2012)

Maxim (2014)

Current study

Sustainability assessment of power generation from
Australian fossil fuels: coal and natural gas

Decision support framework for ranking and
selection of power expansion

alternatives for multiple objectives under uncertainty
Sustainability evaluation of ten types of power plants

Assessment of sustainability indicators for
renewable energy technologies

(solar PV, hydro, wind and geothermal)

Review and ranking of power technologies that
can provide solutions for

global warming, air pollution, and energy security
Sustainability evaluation of decentralized
electricity generation in Germany

Assessment of sustainable

electricity scenarios for Austria

(at the national and local level)

Sustainability assessment of electricity

supply technology portfolio

(best available commercial options

and future technologies)

Sustainability assessment of

current and future electricity

generation technologies (technology roadmap)
Sustainability assessment of electricity generation
technologies via social indicators

Environmental and economic assessment of
electricity generation in Nigeria

Sustainability indicators of

electricity generation systems

Methodology to analyse the sustainability

of the expansion of electricity

generation alternatives (at the power plant level)
Comparative assessment of future power generation
technologies based on carbon price development
Sustainability comparison of two options for
electricity generation: coal versus biomass
Assessment of electricity generation

options from biomass

A critical survey of scenarios for electricity
generation in Germany

Sustainability assessment of electricity generation

Sustainability assessment of electricity
generation technologies

Generic decision-support framework
for integrated sustainability
assessment of electricity

with an application to Mexico

Current

Current and
future

N.SP
Current
Current and
future

2025

2020

2000, 2030

2050

Current and
future
2003—-2030

Current

NS

2020, 2050
NS
Current
2030
Current
Current

2050

N.A.?

24 scenarios

N.A.?

N.A.?

N.A.?

Four scenarios

Five scenarios

N.A?

N.A.?

N.A.?

Four scenarios

N.A.?

N.A?

N.A:?

N.A.?

N.A?

Four scenarios

N.A.?

N.A?

11 scenarios

Total: 21; environmental: 12;
economic: 5; social: 4
Total: 4

Total: 9

Total: 7

Total: 11

Total: 5

Total: 17;
environmental: 4;
economic: 1, social: 12
Total: 75;
environmental: 11;
economic: 31;

social: 33

Total: 36;
environmental: 11;
economic: 9; social: 16
Social criteria: 4

Total: 13; environmental: 10;
economic: 3
Total: 8

Total: 15; environmental: 5;
economic: 3; social: 3;
technological: 4

N.S.

Total: 22; environmental: 13;
socio-economic: 9

Total: 7; environmental: 5;
economic: 2

N.S.>

Total: 43; environmental: 11;

techno-economic: 13; social: 19

Total: 10; environmental: 2;
techno-economic: 4; Social: 4
Total: 17; Environmental: 10;
economic: 3; social: 4

Yes

No

No

Yes

Yes

N.S.P

No

Yes

Yes

Yes
Yes

NS

Yes
Yes
Yes
No

Yes
Yes

Yes

N.A.?

Multi attribute value theory

Analytical hierarchy process

Weighted sum

Multi attribute value theory

Analytic hierarchy process

SIMOS and PROMETHEE

Multi attribute value theory

Dominating-alternative algorithm

N.A?

N.A?

Weighted sum

Data envelopment analysis
Externals costs of GHG
emissions and total costs
Compromise programming
NA?

N.A?

N.A?

SWING

Multi attribute value
theory and SMART

2 Not applied.
b Not specified.
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sustainability, the number of indicators varied from four (Heinrich
et al,, 2007) to 75 (Roth et al., 2009). A life cycle approach was
typically only considered for the environmental indicators, except
in two papers (Stamford and Azapagic, 2011; 2012), where eco-
nomic and social impacts were also assessed on a life cycle basis.
The integration of the sustainability indicators was carried out in
most studies, using methods such as multi attribute value theory,
analytical hierarchy process and weighted sum (Table 1). Only a few
studies though considered the influence of different preferences on
the outcomes of the sustainability assessment (e.g. Schenler et al.,
2009; Dorini et al., 2010).

However, despite many studies, as far as we are aware, there are
no other studies which have proposed a generic methodology that
can be applied to different energy systems, allowing an integrated
sustainability assessment of future scenarios on a life cycle basis.
Therefore, this paper goes beyond previous research to develop a
decision-support framework for an integrated sustainability
assessment of energy systems where environmental, economic and
social aspects are considered in parallel, enabling decision makers
to incorporate different preferences for sustainability criteria and
identify most sustainable options. The framework takes a life cycle
approach and incorporates a range of sustainability indicators
which are used to assess the sustainability of different electricity
scenarios, using multi-criteria decision analysis. The methodolog-
ical framework is described in the next section. This is followed in
Section 3 with an illustrative application of the framework. For
these purposes, the electricity system in Mexico has been chosen,
considering the time horizon of up to 2050. This is the first time
that an integrated sustainability assessment of future electricity
system in Mexico has been carried out on a life cycle basis.
Following the discussion of the results, policy recommendations

Selection of sustainability indicators

|2

Selection and specification of technologies

¢

Definition of scenarios

¢

Environmental Economic Social
assessment assessment assessment

| | 4

Global warming
Resource depletion

Acidification
Eutrophication
Freshwater toxicity
Hunan toxicity
Marine toxicity
Ozone depletion
Summer smog
Terrestrial toxicity

Capital costs
Annualised
(discounted) costs
Levelised costs

Security and
diversity of supply
Public acceptability
Health and safety
Intergenerational
issues

¢

¢

¢

Multi-criteria decision analysis

Fig. 1. Decision-support framework for integrated sustainability assessment of energy
systems. [Sustainability indicators used in this work are shown as illustrative exam-
ples; they can be changed depending on the aims of the study.].

are outlined in Section 4 and conclusions are drawn in Section 5. It
should be noted that, although the application of the framework is
illustrated on a case of electricity in Mexico, the methodology is
applicable to other energy systems and regions.

2. Decision-support framework

The proposed framework for integrated sustainability assess-
ment of energy systems is outlined in Fig. 1. It involves the following
steps:

1. selection of environmental, economic and social indicators to be
used for measuring the sustainability;

2. selection and specification of energy technologies;

. definition of scenarios and the time horizon;

4, environmental, economic and social assessment on a life cycle
basis; and

5. integration of sustainability indicators via a multi-criteria de-
cision analysis to determine the most sustainable options for the
future.

w

The following sections describe each step in turn.

2.1. Sustainability indicators

The selection of the indicators considered here is driven by the
global energy policy discussed in Introduction as well as by the
findings of previous research on the sustainability of energy sys-
tems as summarised in Table 1.

2.1.1. Environmental indicators

Taking a life cycle approach, the environmental indicators
included in the framework are those typically considered in life
cycle assessment (LCA) studies. Here, ten impacts are assessed:
global warming (GWP), abiotic depletion (ADP), acidification (AP),
eutrophication (EP), freshwater aquatic ecotoxicity (FAETP), human
toxicity (HTP), marine aquatic ecotoxicity (MAETP), ozone deple-
tion (ODP), photochemical ozone creation (POCP) or summer smog,
and terrestrial ecotoxicity (TETP). The indicators are estimated
following the CML 2001 method (Guinée et al., 2001).

2.1.2. Economic indicators
Three economic indicators are considered for the economic
sustainability assessment:

i) capital costs;
ii) total annualised costs; and
iii) levelised costs.

i) Capital costs comprise costs of construction and installation
of power plants. In this work, they are calculated as ‘over-
night’ costs, i.e. costs without paying any interest on the
borrowings (IEA and NEA, 2010):

TCc=> CcE (9) (1)
where :

TCc — total capital costs ($)

Cc — overnight capital costs of electricity generating option
($/kW)

E — installed capacity of energy-generating plant (kW)
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ii) The total annualised cost of an energy system is defined as
(Gujba et al., 2010):

TAC=> ACc+ > Fc+> Ve + 3 fc (8/yr) (2)
where:

TAC = total annualised cost of generating electricity ($/yr)

ACc = annualised capital cost ($/yr)

Fc = annual fixed costs ($/yr)

Ve = annual variable costs (all variable costs excluding fuel
costs) ($/yr)

fc = annual fuel costs ($/yr).

The annualised capital costs (AC¢) are calculated taking into
account the total capital costs (TC.) and an annuity factor (f) as
follows:

ACc =TCcf (9) (3)
 z(1+2)

f_(1+z)f—1 @)

where:

TCc — total capital costs ($)
z — discount rate
t — lifetime of the plant (years).

The annual fixed costs F- comprise the costs of operating a po-
wer plant over a year and include operational staff costs, in-
surances, taxes, repair or spare parts costs. The variable annual
costs V¢ include expenses related, for example, to contracted
personnel, consumed materials and costs for disposal of opera-
tional waste per year, excluding fuel costs. The annual fuel costs f¢
represent the cost of fuels consumed for electricity production per
year.

iii) The levelised costs or unit energy costs represent the cost of
energy generated over the lifetime of a power plant,
expressed per unit of energy. It is calculated by dividing the
total annualised cost (TAC in Eq. (2)) by the total annual en-
ergy generation in the same year:

LC = TAC/AE ($/MWh) (5)

where:

AE — annual energy generation (MWh/yr).

2.1.3. Social indicators
The social indicators considered within the decision-support
framework are classified into four main categories:

i) security and diversity of supply;
ii) public acceptability;
iii) health and safety; and
iv) intergenerational issues.

The motivation for selecting these categories is discussed below,
together with definitions of the individual indicators used within
each category.

2.1.3.1. Security and diversity of supply. Among the most important
factors affecting the security and diversity of supply are rapid
depletion of energy reserves (fossil fuels and uranium), uncertainty
of future fossil fuel prices together with the disruption of fuel
supply because of political conflicts (especially related to oil), fuel
import dependency and intermittency of electricity supply (Krewitt
et al,, 2007, 2009; Greenpeace and EREC, 2008a; IEA and OECD,
2009). It has been argued that in order to secure energy supply
for the future it is essential to promote a diversification of the en-
ergy sector based on low-carbon technologies (Greenpeace and
EREC, 2008b; IEA and OECD, 2008). For this reason, the financial
support and appropriate energy policies are essential for the
development of these technologies (Nakata et al., 2010).

The following indicators are selected here for assessing security
and diversity of supply:

depletion of fossil fuel reserves;

import dependency;

availability of renewable energy resources; and
reliability of supply.

Depletion of fossil fuel reserves is an important indicator for the
security of energy supply in many countries because of the fast
depletion of their national reserves. In this work, abiotic reserve
depletion, calculated as part of LCA, has been used as the indicator
to assess this social impact. Import dependency, as a direct conse-
quence of depletion of national reserves, is also becoming a critical
factor for many countries. To mitigate against this, availability of
renewable energy resources is an important indicator of security of
supply, although that can also affect reliability of supply, particu-
larly if the system is too reliant on intermittent sources such as
wind, solar and ocean (Boyle, 2003).

2.1.3.2. Public acceptability. Public perception and acceptability is
key to the implementation of any energy technology, be it fossil
fuels with or without carbon capture and storage (CCS), renewables
or nuclear power (Gallego-Carrera and Mack, 2010; Onat and Bayar,
2010). For example, main issues affecting the implementation of
wind power are related to land requirement, visual intrusion and
noise (Evans et al., 2009). For large hydro-power plants, lack of
public acceptance is mainly associated with transformation of land
and relocation of population (Lokey, 2009). Main social concerns for
biomass are related to competition for agricultural land, water and
food production (Jacobson, 2009). In the case of nuclear power,
public acceptability is mainly affected by the perceptions related to
health and safety issues, including nuclear accidents and terrorism,
nuclear proliferation and radioactive waste management and
storage (Jazayeri et al., 2008; Greenhalgh and Azapagic, 2009).

2.1.3.3. Health and safety. This social aspect is in this work
measured by two indicators, covering the whole life cycle of energy
technologies: human health impacts and safety risks. For instance,
the main health impacts from combustion of fossil fuels in power
plants arise from emissions of SO,, NOy, particulate matter and
heavy metals. Health issues have been quantified in the current
work using the human toxicity potential estimated within LCA. A
similar approach has been taken in other studies (e.g. Dorini et al.,
2010; Stamford and Azapagic, 2011).

Safety risks are mostly related to occupational accidents and
public hazards (e.g. injuries and fatalities affecting workers and the
public) and accident risks along the life cycle (e.g. explosions, oil
spills, etc.) (Boyle, 2003; Jazayeri et al., 2008).

2.1.34. Intergenerational issues. Within the sustainable develop-
ment context, intergenerational aspects refer to issues which affect
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current and future generations, and therefore addressing these
problems today is essential (Azapagic and Perdan, 2011). Some of
the most important intergenerational issues include mitigation of
climate change and depletion of fossil fuel reserves (Krewitt et al.,
2007; 2009; Azapagic and Perdan, 2011; Stamford and Azapagic,
2011). In this work, GWP and ADP estimated through LCA are
used to reflect these two issues, with the latter being also related to
security and diversity of supply discussed in Section 2.1.3.1. These
indicators have also been used by other authors (e.g. May and
Brennan, 2006; Gujba et al., 2010; 2011; Stamford and Azapagic,
2012).

A further intergenerational issue relevant to energy technolo-
gies is the long-lived hazardous waste, which applies to radioactive
waste and CO; captured from fossil (and biomass) fuel technologies
(Stamford and Azapagic, 2011). Both types of waste have obvious
consequences for future generations if there are accidental leaks.
However, the risk of accidental leaks cannot be quantified at this
stage owing to the lack of experience in operating a repository as
well as site-specific information; nevertheless, this should be
flagged and discussed as an important issue in sustainability as-
sessments of energy systems. Therefore, this aspect is included
within this decision-support framework.

2.2. Selection and specification of technologies

This step of the decision-support framework is aimed at iden-
tifying energy technologies that are available currently or may
become available in the future, taking into account the specific
conditions of the country or region where the sustainability
assessment is being carried out. Once the technologies have been
selected, they need to be characterised with respect to their ca-
pacities, efficiencies, capacity factors, lifetimes, emissions to the
environment, emission controls, etc. Future development of tech-
nologies also needs to be taken into account as part of scenario
analysis (see the next section). As the sustainability assessment is
carried out on a life cycle basis, the life cycles of the technologies
then need to be mapped from ‘cradle to grave’, considering
extraction of fuels and materials, construction and operation of the
plants and their eventual decommissioning.

2.3. Definition of scenarios

This framework uses scenario analysis to explore alternative
energy futures and assess the sustainability implications. Unlike
forecasting or backcasting, scenario analysis does not aim to predict
the future but instead looks at possible futures which may or may
not happen, providing answers to ‘what if’ types of question. The
development of scenarios for consideration in any study will
depend on many different factors, including policy and socio-
economic drivers such as economic growth, security of supply
and mitigation of climate change as well as the anticipated tech-
nological development in the future. These will also determine the
time horizon to be considered in scenario analysis; typically, this
covers the period from 2020 up to 2050 (see Table 1). The tech-
nologies identified in the previous step are then integrated to form
an energy system and, depending on the scenario, their configu-
ration or mix may differ. For example, if an electricity system is
being assessed on sustainability, the scenarios may consider a
different penetration level or mix of technologies.

2.4. Sustainability assessment
The scenarios are then assessed on the environmental, eco-

nomic and social sustainability using the indicators outlined in
Section 2.1. As mentioned earlier, within this framework, LCA is

used for assessing the environmental sustainability, life cycle
costing for the economic and various social indicators for the social
sustainability. In total, there are 17 sustainability indicators and
each scenario is assessed on each indicator. To help analyse the
results and identify sustainable options, the outputs of the assess-
ment are fed into multi-criteria decision analysis, as described in
the next section.

2.5. Multi-criteria decision analysis (MCDA)

MCDA methods are useful as they help deal with multiple —
often conflicting — criteria in a structured way, allowing consider-
ation of different preferences for the criteria. This is particularly
important in energy debates, where there are many sustainability
criteria and even more different — and usually opposing — views of
different stakeholders.

Numerous MCDA methods exist (for an overview, see e.g.
Azapagic and Perdan, 2005a, b) and any of these could be used
within this decision-support framework. For illustration, multi-
attribute value theory (MAVT) has been selected in this work as
one of the most widely used methods (Wang et al., 2009). MAVT
involves determination of partial value functions and establishing
weights for each criterion to calculate a global value function V(s) as
follows (Azapagic and Perdan, 2005b; Lgken, 2007):

I
V(s) =Y wiu(s) (6)

i=1
where:

V(s) — global value function, representing the total sustainability
score for scenario s

w; — weight of importance for criterion (sustainability indicator)
i

u(s) — value function reflecting the performance of scenario s on
indicator i

I — total number of sustainability indicators

First, a value function u(s) is estimated, reflecting the perfor-
mance of scenario s on indicator i. In this case, value functions u(s)
represent values of sustainability indicators estimated for each
scenario. The scenarios are then ranked according to each criterion,
using a scale from 1 to N, where N represents the total number of
scenarios and 1 is the best and N the worst option. Then, the sus-
tainability score V(a) is estimated for each scenario according to Eq.
(6). The scenarios are then ranked again, this time according to the
total sustainability scores, again using the scale from 1 to N (for a
similar approach, see e.g. Jacobson, 2009).

To test the robustness of the MCDA results, sensitivity analysis
should be carried out to find out if and how the ranking of the
scenarios changes with different weighting of the indicators. For
example, the simple multi-attribute rating technique (SMART) can
be used for these purposes (Wang et al., 2009). In SMART, the
criteria are ranked according to their relative importance from the
lowest to the highest levels. A value of 10 points is assigned to the
least important criterion and increasing number of points (without
an explicit upper limit) are assigned to the other criteria to express
their importance relative to the least important criteria; the
weights are calculated as follows:

i

I
v
&

w; = x 100 (7)
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where:

v; — value of points assigned to indicate the importance of
sustainability indicator i relative to other indicators.

Once the weights have been estimated for each indicator, the
MAVT method is applied again using Eq. (6) to estimate the sus-
tainability scores for the scenarios and to rank them from 1 to N.
The results are then compared to those obtained using the original
weighting for the indicators to find out if and how the ranking of
the scenarios may have changed owing to the change in the
weights.

The application of the decision-support framework is demon-
strated in the next section, using electricity supply in Mexico as an
illustrative example.

3. Application of the decision-support framework

Like many other countries, Mexico is seeking to develop a more
sustainable future energy system that would improve the self-
sufficiency of supply but also contribute towards the country's
GHG reduction targets. A signatory to the Kyoto Protocol, Mexico
aims to reduce GHG emissions by 50% by 2050 relative to 2000
(PECC, 2009). If achieved, this would contribute to the stabilisation
of CO, concentration in the atmosphere at the level required to
limit the global average temperature increase to around 2.0 °C
(IPCC, 2013). Meeting the GHG target would require cutting the
emissions from electricity generation by 85% on the 2000 levels
(from 110.7 Mt CO; eq.), emitting only 16.2 Mt CO; eq. by 2050

Table 2
Characteristics of power plant technologies assumed in the scenarios.

(PECC, 2009). This is a very challenging task and will require sig-
nificant reductions in the short and medium terms, particularly as
the electricity demand is projected to grow (Greenpeace and EREC,
2008a). While the Mexican Government has made an effort to
reduce the GHG emissions in the short term by substituting heavy
fuel oil with combined cycle gas power plants (SENER, 2006a,
2007) and increasing wind and hydro-power capacity (SENER,
2012), these options alone cannot be a long-term solution for
mitigating climate change and improving the security of supply.
Therefore, more sustainable options for future electricity supply
must be identified and implemented. The following sections
consider how this may be achieved using the integrated sustain-
ability assessment framework developed in this work.

3.1. Sustainability indicators

As discussed in Section 2.1, ten environmental, three economic
and four social sustainability indicators are integrated within the
sustainability assessment framework; therefore, the electricity
supply in Mexico is assessed on these indicators.

3.2. Choice of technologies

The chosen electricity technologies are listed in Table 2 and their
life cycles are outlined in Fig. 2. As indicated, all electricity sources
are considered, including fossil fuels with and without CCS,
biomass, geothermal, hydro and nuclear power, solar, wind and
ocean energy. Further details on the technologies are provided in

Electricity source Technology Description

Electricity from wood and forestry residues (ST), electricity from sugar cane

bagasse (cogeneration), and electricity from biogas (cogeneration using micro gas turbine)

600 MW ultra-supercritical and 450 MW IGCC coal power plants.

The USC configuration includes: flue gas desulphurisation (FGD),
selective catalytic reduction (SCR) and electrostatic precipitation (ESP) for
control of SO, NOy, and particulate matter (PM) with removal

efficiencies of 90—95%, 90%, and 99.5%, respectively.

500 MW ultra-supercritical and 400 MW IGCC coal power plants

Biomass® Steam turbine (ST), and cogeneration
Coal® Ultra-supercritical (USC)
pulverized combustion,
and integrated gasification
combined cycle (IGCC)
Coal CCSP Ultra-supercritical (USC)
pulverized combustion,
and integrated gasification
combined cycle (IGCC)
Gas” Combined cycle (NGCC)
Gas CCS” Combined cycle (NGCC)

Geothermal®
Heavy fuel oil®
Hydro®

Nuclear
Ocean®
Solar thermal®

Solar PV#

Wind"

Steam turbine (ST)
Steam turbine (ST)
Water turbine

European Pressurized Reactor (EPR)

Wave energy converter

Parabolic trough, fresnel and solar tower

Crystalline silicon and thin film

Wind turbine

with CCS with a removal efficiency of 90% of CO, emissions from: post-combustion
(for USC) and pre-combustion capture (for IGCC); includes CO, transport and storage
in depleted gas reservoir. The USC configuration includes: FGD, SCR, and ESP for

control of SO,, NO, and PM with removal efficiencies of 90—95%, 90%, and 99.5%, respectively.

500 MW NGCC power plant.

500 MW NGCC power plant with post-combustion CCS, including transport

and storage in depleted gas reservoir. Removal efficiency of 90% of CO, emissions
from fuel combustion.

Same technology as currently

Same technology as currently

Large (dam-reservoir) and small (run-of-river) hydro power plants.

Same technology as currently

The EPR with a capacity of 1600 MW, using an ultra-centrifugation enrichment process.
Wave Dragon energy converter of 7 MW.

200 MW parabolic trough and 200 MW fresnel, both using steam as heat
transfer fluid and 16 h phase changed material storage; 180 MW solar

tower with salt as heat transfer fluid and 16 h of molten salt storage.
Multi-crystalline silicon (mc-Si) and Cadmium Telluride (CdTe), with an

average module efficiency of 22%.

Average capacity: 24 MW; hub height: 160 m; rotor diameter: 250 m

2 Ecoinvent (Dones et al., 2007; Jungbluth et al., 2007).

Bauer et al., 2008.
Lecointe et al. (2007).
Viebahn et al. (2007).

Frankl et al. (2005).
DONG Energy (2008).

A A -

Sgrensen and Naef (2008).

SENER (2006b); Ecoinvent (Dones et al., 2007); GEMIS (Oko Institute, 2005).
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Fig. 2. The life cycle of electricity options considered in the scenarios (modified from Santoyo-Castelazo et al., 2011) [*Plant comprises construction and operation of power plant;
**CCS shown for coal and gas power plants only but can also be used with biomass plants].

conjunction with the scenario below and in

Supplementary information.

analysis

3.3. Definition of scenarios

Eleven scenarios have been defined looking out to 2050. They
are motivated by energy security and climate change drivers and
therefore consider different climate change targets (Table 3) and
technology mixes (Table 4). Two of the scenarios are based on those
previously developed by other authors (IEA, 2004; Greenpeace and
EREC, 2008a) and the rest have been defined in this study as
follows:

e Business as usual (BAU) in terms of electricity mix and demand
and no climate change targets (IEA, 2004; Greenpeace and EREC,
2008a);

e ‘Green’ scenario which considers efficiency improvements and
reduction of energy demand as well as a 60% CO; reduction from
the energy sector by 2050 on the 2005 levels (Greenpeace and
EREC, 2008a); and

e Scenarios A, B and C developed in this work, based on the
drivers of climate change as well as security and diversity of
energy supply. Each of these three scenarios has further three
sub-scenarios considering stabilisation (no increase), 60% and
85% reduction of GHGs on the 2000 levels, respectively. Scenario

A is mainly based on the large-scale renewable energy tech-
nologies (wind, solar, hydro power, geothermal and biomass). In
scenario B, fossil fuels (gas and coal) remain the main energy
sources but integrated with a large-scale CCS. Scenario C de-
pends mainly on nuclear power and renewables.

3.3.1. Assumptions and data sources

To make them comparable, all the scenarios follow the as-
sumptions in the Green scenario of the annual electricity demand
growth rate of 2.25%, increasing from the current 225,079 GWh
(SENER, 2006a) to 598,000 GWh in 2050 (Greenpeace and EREC,
2008a). Although this is below the current growth of 2.8% per
year (SENER, 2006a), it is assumed to be feasible owing to the
projected future increase in the efficiency of electricity generation.
It has also been assumed in all the scenarios that the country is self-
sufficient with respect to electricity generation; this is also the case
currently with less than 0.5% of electricity imported.

For the estimation of costs, a 10% discounting rate is used; all the
costs are expressed as US dollars, assuming the currency value in
2008. Cost assumptions are detailed further below.

3.3.1.1. Environmental data. The assumptions for GHG emissions at
the point of electricity generation (direct emissions) for different
scenarios are given in Table 5. The life cycle environmental impacts
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Table 3

Main drivers and characteristics of different scenarios for electricity production in Mexico in 2050.

Scenario Source GHG reduction target

for 2050 on the 2000 levels®

Scenario description

BAU Based on IEA (2004) and
Greenpeace and EREC (2008a)

None

Green Based on Greenpeace 70%

and EREC (2008a)

A-1 This study Stabilisation

(no increase)

B-1 This study Stabilisation

(no increase)

C-1 This study Stabilisation

(no increase)

A-2 This study 60%

B-2 This study 60%

Cc-2 This study 60%

A-3 This study 85%

B-3 This study 85%

C-3 This study 85%

Current energy trend based on fossil fuels (mainly gas and coal power together
contributing 87% to the total by 2050); small, or no support for the development
of other low carbon technologies such as renewable energies and nuclear power,
which only contribute 12% and 1% to the total by 2050, respectively; the use of
CCS is not considered in this scenario.

Energy policy supporting the development of renewable energies which
contribute 86% to the total electricity mix by 2050; other sources such as

gas and coal power together contribute 14% of the total energy mix by 2050;
due to energy security and environmental concerns,

nuclear power, oil and CCS are not considered.

Energy policy supporting diversification of electricity supply and encouraging
investment in low-carbon options with emphasis on renewable energies; wind,
solar and hydro power contribute 49% of the total by 2050; gas, coal and nuclear
power contribute 26%, 15% and 10% to the total; CCS and oil

power plants are not considered.

Energy policy supporting diversification of electricity supply, and investment
in low-carbon options, with strong support for fossil fuels: gas, and coal with and
without CCS, representing 70% of the total by 2050; renewable energies

(wind and solar), and nuclear power contribute 25%, and 10% to the total,
respectively. No contribution from oil power.

Energy policy supporting diversification of electricity supply, and investment
in low-carbon options, with strong support for nuclear power and renewable
energies (wind and solar) contributing 20%, and 39% to the total by 2050,
respectively; gas and coal together contribute 49%; CCS and oil

power plants are not considered.

Energy policy supporting diversification of electricity supply and encouraging
investment in low-carbon options with emphasis on renewable energies;

wind, solar and hydro power contribute 62% of the total by 2050; gas,

coal with CCS and nuclear power contribute 17.6%, 10% and 10% to the total;
no contribution from oil power plants.

Energy policy supporting diversification of electricity supply, and

investment in low-carbon options, with strong support for fossil fuels:

gas with and without CCS, and coal with CCS representing 70% of the

total by 2050; renewable energies (wind and solar), and nuclear

power contribute 25%, and 10% to the total, respectively.

No contribution from oil power.

Energy policy supporting diversification of electricity supply, and

investment in low-carbon options, with strong support for nuclear

power and renewable energies (wind and solar) contributing 25%,

and 47% to the total by 2050, respectively; gas, and coal with

CCS together contribute 28%; no contribution from oil power plants.

Energy policy supporting diversification of electricity supply and

encouraging investment in low-carbon options with emphasis on

renewable energies; wind, solar and hydro power contribute 75% of

the total by 2050; gas with and without CCS, coal with CCS and

nuclear power contribute 10%, 5% and 10% to the total;

no contribution from oil power plants.

Energy policy supporting diversification of electricity supply, and

investment in low-carbon options, with strong support for fossil fuels:

gas and coal with CCS, representing 47% of the total by 2050;

renewable energies (wind and solar), and nuclear power

contribute 43%, and 10% to the total, respectively. No contribution from oil power.
Energy policy supporting diversification of electricity supply,

and investment in low-carbon options, with strong support for

nuclear power and renewable energies (wind and solar)

contributing 30%, and 55% to the total by 2050, respectively;

gas with and without CCS, and coal with CCS together

contribute 15%; no contribution from oil power plants.

@ All reduction targets refer to direct rather than life cycle emissions. GHG considered: carbon dioxide, methane and nitrous oxide.

of technologies are sourced from Santoyo-Castelazo et al. (2011,
2014), Ecoinvent (Dones et al., 2007; Jungbluth et al., 2007) and
GEMIS (Oko Institute, 2005).

3.3.1.2. Capital costs. Table 6 shows the assumed capital costs of
the electricity technologies in 2050. As fossil fuel power plants are
technically mature, only minor improvements are expected from
2020. In contrast, CCS technologies will be only at the beginning of
their learning curve (Viebahn et al., 2007). Despite the fact that
some of the renewable energy technologies currently available are

not yet fully competitive (e.g., biomass, geothermal, ocean and
solar), a large potential for cost reductions is expected in the future
owing to learning curves (Neij, 2008; Krewitt et al., 2009).

According to Lecointe et al. (2007), deployment of Generation III
nuclear reactors is likely to begin around 2020. As the European
Pressurised Reactor (EPR) is a good representative of the Genera-
tion IIl evolutionary systems, it has been assumed that the EPR
nuclear reactor would be the “best available” technology for new
plants in 2025. Two first EPRs are already under construction in
Finland and France.
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Table 4

Assumed contribution of different electricity sources to the total electricity mix for all scenarios (current mix shown for comparison).

Electricity mix (%)

Source Current (2006)* BAU® Green® A-1 A-2 A-3 B-1 B-2 B-3 C-1 C-2 C-3

Biomass 0.0 1.8 33 8.4 84 8.4 4.2 4.2 4.2 8.4 8.4 8.4
Coal 14.0 31.2 1.8 15.0 0.0 0.0 7.6 0.0 0.0 15.0 0.0 0.0
Coal CCS 0.0 0.0 0.0 0.0 10.0 5.0 274 35.0 121 0.0 10.0 5.0
Gas 42.6 53.6 12.2 26.1 17.6 33 35.1 9.4 0.0 26.2 17.7 3.5
Gas CCS 0.0 0.0 0.0 0.0 0.0 6.7 0.0 25.6 35.0 0.0 0.0 6.5
Geothermal® 3.0 1.6 4.0 7.7 7.7 7.7 31 3.1 3.1 7.7 7.7 7.7
Heavy fuel oil 22.1 22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hydro 135 44 8.9 10.0 125 15.0 6.3 6.3 6.3 6.3 6.3 6.3
Nuclear 4.8 14 0.0 10.0 10.0 10.0 5.0 5.0 10.0 20.0 25.0 30.0
Ocean 0.0 0.0 7.2 25 5.0 5.0 0.0 0.0 0.0 0.0 0.0 0.0
Solar thermal 0.0 0.6 189 6.1 8.7 11.7 34 34 8.8 49 7.5 9.8
Solar PV 0.0 0.4 12.6 4.1 5.8 7.8 2.3 23 5.9 33 5.0 6.5
Wind 0.0 2.8 31.1 10.2 144 19.5 5.7 5.7 14.7 8.2 12.5 164
Total 100 100 100 100 100 100 100 100 100 100 100 100

Renewable electricity 16 12 86 49 62 75 25 25 43 39 47 55

Fossil fuels 79 87 14 41 28 15 70 70 47 41 28 15

Nuclear 5 1 0 10 10 10 5 5 10 20 25 30

2 SENER (2006Db).
b JEA (2004) and Greenpeace and EREC (2008a).
¢ Greenpeace and EREC (2008a).

d Geothermal electricity considers only contribution from conventional technologies and resources; its contribution could be even greater if future enhanced geothermal

systems are exploited (MIT, 2006) but this has not been considered.

3.3.1.3. Fuel costs. The fuel cost projections for the scenarios have
been sourced from the BAU (IEA, 2004) and Green scenarios
(Greenpeace and EREC, 2008b). For fossil fuels, two options have
been defined: ‘low cost’ and ‘high cost’ scenarios; see Fig. 3. The
former is based on the BAU until 2030, using the oil and gas prices
(IEA, 2004) before the recent price increases; these costs have been
linearly extrapolated to 2050 by Greenpeace and EREC (2008b) and
are used here. The ‘high cost’ scenario is based on the Greenpeace
and EREC (2008b) projection from today to 2050, assuming a
considerable increase in energy demand and fast depletion of fossil
fuel reserves for the future.

As shown in Fig. 3, the ‘low cost’ scenario assumes an almost
constant fuel price from 2010 to 2050, expecting the oil price to be
$11.30/GJ (69 $/bbl) in 2050 (IEA, 2004). This assumption may be

Table 5
Direct emissions of GHG estimated in this work for different scenarios.

Scenario Direct GHG emissions Relative difference
in 2050 (Mt CO; eq./yr)* compared to 2000 levels” (%)

BAU 228.07 206

Green 32.68° -70¢

A-1 110.69 0

A-2 44.27 -60

A-3 16.60 -85

B-1 110.69 0

B-2 44.27 —60

B-3 16.60 -85

C-1 110.70 0

C-2 44.26 —60

C-3 16.60 -85

¢ Direct emissions are from the operation of power plants (combustion of fossil
fuels). The GHG considered are carbon dioxide, methane and nitrous oxide.

b These figures correspond to the GHG emission reduction targets specified in
Table 1. Direct GHG emissions in 2000 reported as 110.7 Mt CO; eq./yr (PECC, 2009).

¢ The value estimated by Greenpeace and EREC (2008a,b) is equal to 31 Mt CO,
(CO only, no other GHG).

4 The original CO, reduction target considered by Greenpeace and EREC (2008)
was 72% on the 2005 levels, using the CO, emissions in 2005 of 112 Mt CO,. In this
work, the base year for the reduction target is changed to 2000 and the GHG
emissions are considered rather than CO, only. For that reason, the reduction target
is changed to 70%.

unrealistic given the fact that oil prices are already close to or over
this value. To counter this underestimate, Greenpeace and EREC
(2008b) assume a path whereby the price of oil reserves reaches
25.2 $/GJ (154 $/bbl) by 2050. A similar assumption has been made
for gas and coal, with the costs increasing up to 27.1 and 16.9 $/G]J by
2050, respectively (Greenpeace and EREC, 2008b). These costs
projections are in agreement with Krewitt et al. (2009) (for oil, coal
and gas costs in 2050) and IEA and NEA (2010) (for oil in 2030).
Moreover, higher fuel prices will lead to a greater competitiveness,
development of low-carbon technologies and better learning curves
(Neij, 2008; del Rio, 2011). Hence, the current work assumes a ‘high
cost’ scenario for the fossil fuels. These costs are presented in
Table 7, alongside the costs of biomass and uranium. The operation
and maintenance costs (variable and fixed) are given in Table 8.

Table 6
Assumptions for overnight capital cost development for selected power plant
technologies in 2050.

Electricity option ~ Overnight Overnight capital
capital costs ($/kW) costs ($/kwW)

Biomass 2661° Heavy fuel oil ~ 1817¢

Coal (USC)® 1234° Hydro 2130¢

Coal (IGCC)" 1516° Nuclear 1731¢

Coal CCS (USC) 1957° Ocean 1840°

Coal CCS (IGCC) 1889° Solar CSP 4761

Gas 551° Solar PV 1190°

Gas CCS 772" Wind onshore ~ 1201°
Geothermal 3620°¢ Wind offshore  2083°

4 Greenpeace and EREC (2008b).

b Bauer et al., 2008.

€ EIA (2009) extrapolated value from year 2030 to year 2050, using Greenpeace
and EREC (2008b) costs trends.

4 IEA and NEA (2010).

€ Lecointe et al., 2007.

f Capital costs for concentrating solar thermal power plants include thermal
storage systems which facilitate high capacity factors.

& USC: Ultra-supercritical.

" IGCC: Integrated gasification combined cycle.
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Fig. 3. Fossil fuel cost projections to 2050 for ‘low’ (BAU) and ‘high’ cost (Green) scenarios (based on the data from IEA, 2004; Greenpeace and EREC, 2008b).

3.4. Sustainability assessment

3.4.1. Environmental sustainability

As mentioned in Section 2.1.1, LCA is used as a tool to assess the
environmental sustainability of the electricity scenarios. The
functional unit is defined as ‘annual generation of electricity in
2050. Since the scenarios are driven by climate change targets, the
results for the global warming potential are discussed first, fol-
lowed by the other impacts.

3.4.1.1. Global warming potential (GWP). As shown in Fig. 4, the
GWP for the BAU scenario doubles from the current 129 Mt CO; eq./
yr (Santoyo-Castelazo et al., 2011) to 259 Mt in 2050. This is due to
the high contribution from fossil fuels to the electricity mix, mainly
coal and gas, together contributing 85% to the total generation.
Conversely, the scenarios with the highest contribution from the
renewables (and 85% GHG reduction target) have the lowest GWP.
Scenarios C-3 and A-3 are the best options with the GWP of 27.3
and 27.7 Mt CO; eq./yr, respectively. In both scenarios, the GHG
emissions are contributed equally from biomass, coal CCS, gas with
and without CCS, and geothermal energy. The next best scenario is
B-3 with the GWP of 37.3 Mt CO; eq./yr, mainly from coal and gas
CCS, contributing 33% and 52% to GWP, respectively.

In spite of the Green scenario having the highest share of
renewable energies (86%), its GWP is still 41.6 Mt CO, eq./yr,
essentially because of the emissions from the coal and gas power
plants as this scenario does not include CCS. Scenarios A-2, C-2 and
B-2 (60% GHG reduction) emit between 59 and 75 Mt of CO; eq./yr,
respectively, with the GHG emissions related to gas with and

Table 7
Fuel costs assumed for scenarios for electricity pro-
duction in Mexico in 2050.

Fuel Cost ($/GJ)
Coal® 16.87
Gas*® 27.11
oil* 25.21
Biomass*® 5.73
Uranium” 4.40

@ Greenpeace and EREC, 2008b.
b Lecointe et al., 2007.

without CCS, and coal with CCS, mainly owing to the emissions in
the fuel supply chain. The scenarios assuming stabilisation of GHG
emissions (A-1, B-1, and C-1) have the GWP between 129 and
139 Mt of CO, eq./yr but still considerably lower than the BAU
scenario; the main GHG sources are again coal with and without
CCS contributing 42—48% and gas power plants, adding further
44—54% to the total GWP.

3.4.1.2. Other environmental impacts. Owing to space restriction,
the detailed results for the other life cycle environmental impacts
can be found in Supplementary information, Tables S4—13 and
Figure S1. A brief overview of the findings is given below.

Abiotic depletion potential: As expected, the BAU scenario has
the highest ADP at 1.86 Mt Sb eq./yr, twice the current ADP. Like
GWP, this is due to a high share of gas and coal in the electricity mix.
On the other hand, the Green scenario, because of its high contri-
bution from renewables, has the lowest ADP value of 0.298 Mt Sb
eq./yr, three times lower than currently.

Table 8
Variable and fixed costs assumed for power plant technologies in Mexico in 2050.

Energy/technology Variable ($/GJ) Fixed ($/kW)
Biomass® 1.93 66.90
Coal (USC)" 1.00 56.57
Coal (IGCC)° 1.19 73.06
Coal CCS (USC)° 1.15 86.96
Coal CCS (IGCC)° 1.38 89.60
Gas® 0.84 9.93
Gas CCSP 1.68 19.85
Geothermal® 0.00 172.97
Heavy fuel oil® 1.53 12.12
Hydro® 0.70 14.15
Nuclear? 0.23 69.06
Ocean® 0.00 72.73
Solar CSP? 0.00 58.94
Solar PV* 0.00 12.12
Wind onshore® 0.00 31.45
Wind offshore® 0.00 92.88

2 EIA (2009).

> Bauer et al. (2008).

€ Gujba et al. (2010).

d Lecointe et al. (2007).

€ Greenpeace and EREC (2008b).
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Fig. 4. Global warming potential (GWP) of scenarios in 2050 showing contribution of different electricity sources.

Acidification potential: The BAU scenario has the highest AP
(531 kt SO, eq./yr), mainly because of the SO, emissions from heavy
fuel oil and coal. However, this is still 2.8 times lower than from the
existing generation estimated at 1.48 Mt SO; eq./yr. With 113 kt SO,
eq./yr, the Green scenario has the lowest AP of all the scenarios and
five times lower than BAU.

Eutrophication potential: All the scenarios lead to a much lower
EP than currently, with reductions of between 1.5 and 7.7 times. The
highest values of 42 and 38 kt PO4 eq./yr are found in scenarios B-2
and B-1. The reason for this are NOx and NH3 emissions from coal
with CCS in B-2 and B-1, which contribute 79% and 68% of the total
EP, respectively. These outstrip the EP-related emissions from the
BAU scenario (32 kt PO4 eq./yr) despite the high contribution of
fossil fuels in its mix. B-3, on the other hand, has a lower EP than the
other B scenarios because of lower contribution of coal CCS to the
total mix (12% compared to 27% and 35% in scenarios B-1 and B-2,
respectively; see Table 4). The lowest EP is found in the Green
scenario (8.8 kt PO4 eq./yr), mainly related to the emissions from
the construction of infrastructure for solar power plants.

Freshwater aquatic ecotoxicity potential: The BAU scenario has
the highest FAETP emitting 6.57 Mt of dichlorobenzene (DCB) eq./
yr, mainly owing to heavy metals from oil (contributing 65%) and
coal power plants (24%). Nevertheless, this is still 2.8 times lower
than the current impact. The Green scenario has the lowest FAETP,
estimated at 1.66 Mt DCB eq./yr, or four times lower than BAU.
Heavy metal emissions to water from the life cycle of solar energy
are the main contributor to FAETP in the Green scenario (42%),
followed by the wind (19%) and ocean energy (12%).

Human toxicity potential: The BAU scenario again has the
highest HTP, estimated at 46.8 Mt DCB eq./yr, mainly owing to the
emission of heavy metals to air from oil and coal power plants.
However, this is still 2.9 times lower than the current impact of
135 Mt. The best option is the Green scenario with 6.2 Mt DCB eq./
yr; this is 7.5 times lower than the BAU scenario.

Marine aquatic ecotoxicity potential: With nearly 85 Gt DCB eq./
yr, the BAU scenario is also the worst option for this impact, mainly
because of the contribution from coal and oil. However, this is still
half the current impact. The values for B-1 and B-2 are close to the
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Fig. 5. Estimated capital costs in 2050 showing contribution of different electricity sources.
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BAU scenario, estimated at 74 and 77 Gt DCB eq./yr, respectively,
with coal CCS being the main source of MAETP. The Green scenario
is again the best option with 5.9 Gt DCB eq./yr, largely owing to HF
emissions from the operation of coal power plants.

Ozone layer depletion potential: For ODP, scenarios C-3 and A-3
are the best options, each emitting 3.5 t R11 eq./yr, mainly from gas
with and without CCS. This is 10 times lower than at present. The
Green scenario follows closely with 4.1 t R11 eq./yr. This is in
contrast with the BAU scenario which is the worst option with 16 t
R11 eq./yr, or 40% higher than at present, mainly due to the NMVOC
emissions from gas power.

Photochemical oxidants creation potential: As for most other
impacts, the BAU scenario has the highest POCP with approxi-
mately 55 kt C;Hy eq./yr, related to the emissions from combustion
of fossil fuels. Nevertheless, this is still around a half of the current
impact. The Green scenario is again the best option with 12.6 kt
CoH4 eq./yr mainly owing to the geothermal, gas, and biomass
power plants.

Terrestrial ecotoxicity potential: At 1.5 million t DCB eq./yr, the
BAU scenario is the worst option for TETP; 82% of this impact is due
to the emission of heavy metals from the operation of oil power
plants. Compared to the current situation, however, the impact is
three times lower. The lowest TETP (175 kt DCB eq./yr) is for the
Green scenario; this is 8.5 times lower than BAU. The main con-
tributors are heavy metals from the life cycle of solar PV (36%).

3.4.1.3. Summary. In summary, these results show that switching
from the current fossil fuel mix to a higher contribution from re-
newables (55—86%) and nuclear power (up to 30%) would lead to a
considerable reduction in environmental impacts compared to the
current situation and a reduction of up to 80% compared to BAU.
The Green, A-3 and C-3 scenarios are environmentally the most
sustainable options for most impacts. They also achieve the highest
reduction in GWP. If, on the other hand, the BAU scenario is realised,
the GWP and resource depletion would double compared to the
present values and ozone layer depletion would increase by 40%.

3.4.2. Economic sustainability

The capital, annualised and levelised costs of the scenarios are
presented in the following sections. Detailed results can be found in
Supplementary information, Tables S14—S16.

100,000 -

3.4.2.1. Capital costs. The estimated capital costs shown in Fig. 5
indicate that the BAU scenario is the most attractive option
costing $92.6 billion in 2050. This is mainly because of the lowest
required installed capacity (see Supplementary information,
Table S1), which in turn is due to a high contribution of fossil
fuels power plants with considerably higher capacity factors rela-
tive to renewable technologies (Supplementary information,
Table S3). In contrast, the Green scenario is by far the most
expensive option, requiring a total capital investment of $321.4
billion from today to 2050 (see Fig. 5). This is because this scenario
has the highest contribution of renewable technologies (86%)
which have higher overnight capital costs compared to the con-
ventional technologies (Table 6).

Scenarios A, B and C are more expensive than the BAU but
cheaper than the Green, with the capital costs ranging from
$148.2—270.6 billion. Among these, the most economical options
are scenarios B-1 and B-2, also because of the high contribution
from fossil fuels (70%; see Table 4). Their costs are $148.2 and 156.5
billion, representing a 60% and 69% increase on the BAU scenario,
respectively. Scenarios C are also in general more economical than
their A counterparts, mainly owing to a lower contribution from the
renewables and a higher contribution from nuclear power; scenario
C-1 is the best option among C scenarios (Fig. 5). Scenario A-1 is the
least expensive among scenarios A, requiring an investment of
$189.5 billion, followed by scenario A-2 with $231.5 billion. Even
though scenario A-3 has a 75% contribution from renewables
(Table 4), it is still $50.7 billion cheaper than the Green scenario.

3.4.2.2. Total annualised costs. In contrast with the capital costs,
herein the most expensive are the scenarios based on fossil fuels
(BAU, B-2, B-1, and B-3; Fig. 6), mainly owing to the assumed high
future fossil fuel costs (see Fig. 3). The most expensive option is BAU
with the annualised costs of $87.9 billion, followed by B-2, B-1 and
B-3 with $85.1, 81.4 and 72.4 billion/yr, respectively. On the other
hand, scenarios with a high contribution from the renewable
(Green and scenarios A), together with scenarios C, have consid-
erably lower total annualised costs compared to the BAU and sce-
narios B, ranging from $52.8 to 64.6 billion/yr (Fig. 6). Scenarios C-3
and A-3 are the most attractive options among all the scenarios,
followed by the Green, costing $52.8, 53.2 and 54.6 billion per year,
respectively. It can be seen in Fig. 7 that fuel costs (especially fossil
fuels) and discounted capital costs (mainly related to the
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Fig. 6. Estimated annualised costs in 2050 showing contribution of different electricity sources.
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Fig. 7. Contribution of capital, fuel and variable costs to the total annualised costs.

renewables-based scenarios) dominate the total annualised costs in
all the scenarios.

3.4.2.3. Levelised costs. The costs per unit of electricity generated
show the same trends as the annualised costs (see Fig. 8), where the
highest costs are for the fossil fuel-based B-1 and BAU, ranging
between $121-147/MWh. In contrast, the lowest unit costs are for
scenarios C-3, A-3 (88 $/MWh) and Green (91 $/MWh). The costs
per MWh for the other scenarios range from $98 (scenario A-3) to
$108.

3.4.2.4. Summary. The BAU scenario is overall the most economical
option in terms of capital costs, requiring an investment of $92.6
billion, versus the Green which would cost $321.4 billion, by far the
most expensive of all the scenarios. The capital costs for the other
scenarios range between $148.2 billion for B-1 to $270.6 billion for
A-3. In contrast, considering the total annualised costs in 2050, the
BAU is the most expensive option at $87.9 billion/yr. The best sce-
narios are C-3 and A-3 ($52.8 and 53.2 billion/yr), followed by the
Green ($54.6 billion/yr). The levelised costs follow a similar trend
with the best options being C-3, A-3 (88 $/MWh) and Green (91 $/
MWh) and the worst B-1 and BAU ($121-147/MWh).

However, it should be borne in mind that future costs are un-
certain and the estimates obtained here are only valid for the as-
sumptions made in the current work. This is a limitation inherent in
all studies which consider future costs. Nevertheless, the cost as-
sumptions are consistent across all the scenarios — while the ab-
solute values would change with differing assumptions, the relative
difference between the scenarios would still hold.

3.4.3. Social assessment

3.4.3.1. Security and diversity of supply. Security and diversity of
supply are important for Mexico since its current electricity mix is
dominated by fossil fuels and the domestic fossil fuels reserves will
only last for another nine years at current consumption
(Medina—Ross et al., 2005; PEMEX, 2008). Therefore, this indicator
is one of the most important drivers for sustainable development of
the country's energy sector (SENER, 2008).

As outlined in Section 2.1.3, indicators considered for the
assessment of security supply comprise depletion of fossil fuels,
import dependency, availability of renewable energy resources and
reliability of electricity supply. These are discussed below,
comparing and contrasting the implications for each scenario.
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Fig. 8. Estimated levelised costs of electricity generation in 2050.
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The BAU scenario can be considered as the least sustainable with
respect to security and diversity of supply owing to a high depen-
dence on fossil fuels, which contribute 87% to electricity supply in
2050 (see Table 4). Consequently, the BAU scenario has the highest
abiotic depletion potential compared to the other scenarios (see
Section 3.4.1.2 and Supplementary information, Figure S1).

On the other hand, the Green scenario seems to be a more
secure scenario for electricity supply than the BAU because of its
lower dependency on fossil fuels, contributing only 14% to the total,
which results in the lowest depletion of abiotic resources. However,
its considerably higher dependency on wind and solar power (63%
of the total supply, see Table 4) opens questions in terms of diver-
sification and reliability of supply (which is discussed further
below). Scenario A-3 and C-3 can also be considered as more sus-
tainable options in terms of security and diversity of supply owing
to a low contribution of fossil fuels (15%) and a relatively low
depletion of abiotic resources compared to some other scenarios.

Furthermore, when considering availability of renewable energy
resources, the Green scenario assumptions exceed considerably the
current estimates for renewable energy potential for electricity
production in Mexico because of the high contribution from the
renewables (86%). For example, this scenario requires an installed
capacity of 70,357 MW of wind power (see Supplementary
information, Table S1) which exceeds by 75% the estimated avail-
ability of 40,000 MW; similarly for ocean energy, the assumed ca-
pacity exceeds the availability by 44% (see Supplementary
information, Table S17). However, the estimated potentials for re-
newables in Mexico are uncertain and, in some cases, data are not
available for the whole country. For instance, the maximum po-
tential for wind power is based on only one region (see footnotes to
Table S17). Therefore the extent to which the Green scenario is
technically feasible is uncertain.

By contrast, the required renewable resources for scenarios A, B
and C are well below or similar to the currently estimated potential
for the country, which makes these scenarios preferred options
over the Green scenario.

Moreover, the intermittency of some renewables (like wind,
solar and ocean energy) will pose new challenges to the stability,
reliability and operation of the electricity grid. Therefore, the Green
scenario has the lowest reliability of supply because of the high
contribution from intermittent sources such as wind, solar PV and
ocean energy (51% in total; see Table 4). This may change if energy
storage becomes available in the future.

Overall, the A scenarios are considered as better options for
security of supply because of the balance between the diversity of
energy sources and contribution from renewables. Among these, A-
3 is the preferred scenario, with nine different electricity sources
(Table 4) and moderate contribution from wind and solar (19.5%
each) and hydro-power (15%). For the C scenarios, the main issue is
the high dependency on the imported uranium to meet the
contribution from nuclear power of 20—30%. A similar issue applies
to the fossil fuel-dominated scenarios (BAU and B-1 and B-2) as
fossil fuels will have to be imported by 2050 to meet the electricity
demand. Gas imports for electricity production are already growing
(SENER, 2006a, 2007) and it is expected that contribution of gas
will increase from 42% today to 55% in 2050. A similar concern
applies to coal, with the imports expected to go up from 14% to 35%
in 2050 (Greenpeace and EREC, 2008a).

3.4.3.2. Public acceptability. The discussion related to public
acceptability of different electricity technologies considers the
following aspects:

e local or regional issues (e.g. land-use change issues, landscape
and visual impact, noise);

e distrust or uncertainty towards the development of unknown
technologies; and

e perception of health and safety risks (note that the emphasis
here is on public perception of health and safety issues, as
opposed to calculated health and safety risks which are
considered as a separate social indicator in the subsequent
section).

Main barriers for development of renewable energy in Mexico
are related to land and water issues, public awareness and legal and
administrative aspects (Lokey, 2009). For example, independent
power producers (IPPs) in Mexico have had the experience of
purchasing land from ‘legal’ owners only to find later that people
are living illegally on the land but claim it as their own. Relocating
these people has been problematic and time-consuming. Another
aspect would be local corruption affecting project developers. An
example of this was reported when a private company (Fuerza
Eolica) contracted a person to act as a community liaison in Baja
California to handle the land leasing and community relations, only
to find out that he was working for another company and started a
land bidding war that raised the price of the land for a wind project
development. In general, project developers have found that locals
and officials, who study for example the impact of wind turbines on
birds and bats, often demand illegal payouts to allow the project to
be completed (Lokey, 2009).

In the case of hydro-electricity, main public acceptability aspects
are also related to land and water irrigation issues as well as public
awareness. For example, another private company (COMEXHIDRO)
had to convince locals that the power plant they planned on
building near farmers' fields would not electrify crops and that the
dam would not affect water irrigation (Lokey, 2009). Further ex-
amples of public opposition to the construction of dams for large
hydro-projects are the recently built “El Cajon” power plant with a
power capacity of 750 MW and “La Parota” power plant of 900 MW
which is under construction (Cancino-Soldérzano et al., 2010).

Therefore, based on the above, among the scenarios with high
contribution from renewables, the Green scenario could be viewed
as the least acceptable by the public because it has the highest
penetration of renewables.

In the case of scenarios C, the public acceptability issues are
mostly related to expansion of nuclear power. The most important
issues are perceptions related to health and safety, particularly
concerning nuclear accidents, nuclear proliferation, and increased
risk from terrorism (Azapagic and Perdan, 2011; Goodfellow et al.,
2011). The long-term management and storage of radioactive
waste is also a critical issue in Mexico as currently radioactive waste
is stored only temporarily and there are neither arrangements for
its final disposal nor any decommissioning plans for nuclear facil-
ities (OECD and NEA, 2005).

For scenario B and BAU, which have the highest contribution
from fossil fuels, the main public perception issues are related to
health impacts from power plants and in the case of CCS, the long-
term storage and potential leaks of CO; (Pires et al., 2011).

Therefore, each scenario has advantages and disadvantages with
respect to public acceptability. However, the A scenarios, followed
by the Green, could be considered to offer greater advantages than
disadvantages, although their potentially higher acceptability over
other scenarios would ultimately depend on the individual views of
the communities where the electricity technologies are going to be
installed.

3.4.3.3. Health and safety. As outlined in Section 2.1.3, health im-
pacts in this work are quantified as human toxicity potential (HTP)
estimated in LCA, while the safety risks are mostly related to
occupational accidents and public hazards.
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The BAU scenario has by far the highest HTP among all scenarios
owing to the high contribution from fossil fuels and in particular
the impact from heavy fuel oil. On the other hand, the Green sce-
nario is the best option for the HTP, followed by scenarios A and C
(see Section 3.4.1.2, Supplementary information, Figure S1).
Furthermore, the scenarios with a high contribution from fossil
fuels (BAU and B) have the highest number of fatalities and hazards
from accidents along the life cycle (Boyle, 2003). Therefore, it could
be argued that scenarios A-3 and Green pose the least health and
safety risks and could be considered more sustainable from this
perspective than the other scenarios.

3.4.3.4. Intergenerational issues. Intergenerational issues consid-
ered in this work include mitigation of climate change, depletion of
fossil fuel reserves and management of long-lived hazardous waste
related to nuclear waste and CO; storage (Section 2.1.3).

As discussed in 3.4.1.1, the best options for mitigation of climate
change are scenarios A-3 and C-3 as they have the lowest estimated
GWP (Fig. 4). They are followed by the B-3 and Green scenarios; the
BAU scenarios is the worst option for this impact. The BAU scenario
is also the worst option in terms of depletion of fossil resources,
with the highest abiotic depletion potential (Supplementary
information, Figure S1); the Green is the best scenario.

Regarding the long-lived hazardous waste management and
storage, the C and, to some extent the A scenarios, pose concerns
owing to the nuclear power and the B scenarios because of the CCS.
Therefore, the Green scenario represents the most sustainable op-
tion with respect to long-lived hazardous waste as it avoids both
nuclear power and CCS.

3.4.3.5. Summary. With respect to social issues, the BAU scenario
has the highest risks related to security and diversity of supply,
health and safety and intergenerational issues. Therefore, it is
considered the least preferred option. All other future scenarios
have different advantages and disadvantages. For example, the
Green scenario shows a good performance in terms of fuel import
dependency, climate change and intergenerational issues, but with
significant social barriers related to public acceptability, availability
of renewable resources and reliability of electricity supply. Sce-
narios B have similar characteristics to BAU, with the main differ-
ence being their considerably better climate change mitigation
potential because of CCS. Scenarios A exhibit a balance between
security and diversity of supply, health and safety and climate
change mitigation (particularly A-3). However, like the Green, the
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main social barriers for these scenarios may be related to public
acceptability because of the high contribution from renewables.

3.5. Multi-criteria decision analysis

As shown in the preceding sections, there is no overall ‘best’
scenario, as each option is better for some sustainability criteria but
worse for others. Therefore, MCDA has been used to help identify
the most sustainable options for future electricity generation in
Mexico. The MCDA methodology used in this work has been
described in Section 2.5.

The criteria considered within the MCDA comprise all the
environmental impacts estimated in LCA (Section 3.4.1). The eco-
nomic criteria considered are capital and annualised costs (Section
3.4.2); the levelised costs are not included as they show the same
trends as the annualised costs, from which they are estimated.
Since most social criteria are qualitative apart from human toxicity
potential (HTP), also calculated as part of LCA, this is the only social
criterion considered within the MCDA. However, the other social
criteria are discussed when considering the results of the MCDA to
ensure that these issues are taken into account.

The criteria included in the MCDA are listed in Supplementary
information, Table S18, showing the values of the respective sus-
tainability indicators for all the scenarios. The evaluation has first
been performed assuming equal importance for all the sustain-
ability indicators and these results are presented next. This is fol-
lowed by a discussion on how the choice of the most sustainable
options might change if the criteria have different assumed
importance or priority.

3.5.1. Equal weighting of sustainability criteria

The ranking of scenarios and their total sustainability scores
estimated using MAVT are shown in Table 9. As can be seen, the
Green scenario ranks as the best option for eight out of 12 criteria,
achieving the best (lowest) total score of 2.4. The next best options
are scenarios C-3 and A-3 scoring 2.9 and 3.0, respectively. The
worst option is BAU, ranking bottom for 10 sustainability criteria.
However, although the Green scenario scores as the best option
overall, it has some important drawbacks. For example, it ranks 4th
for the global warming potential, 3rd for ozone layer depletion and
total annualised costs and bottom for the capital costs. Moreover, as
discussed in Section 3.4.3, the Green scenario has also some critical
social aspects to be addressed. These include low reliability of
electricity supply (the worst among all scenarios) and various
public acceptability issues. Perhaps most importantly, however, it

Table 9

Overall score obtained using MAVT assuming equal preferences for each sustainability criterion (based on the indicator values presented in Supplementary information,

Table S18).

Weight (%) BAU Green A-1 A-2 A-3 B-1 B-2 B-3 C-1 Cc-2 Cc-3

Indicators
GWP 8.33 11 4 9 6 2 10 7 3 8 5 1
ADP 8.33 11 1 6 4 3 9 10 8 7 5 2
AP 8.33 11 1 7 5 3 9 10 2 8 6 4
EP 8.33 9 1 5 6 3 10 11 8 4 7 2
FAETP 8.33 11 1 3 5 2 9 10 8 6 7 4
HTP 8.33 11 1 3 6 2 9 10 8 5 7 4
MAETP 8.33 11 1 7 4 2 9 10 6 8 5 3
oDP 8.33 11 3 6 4 2 8 10 9 7 5 1
POCP 833 11 1 7 4 3 9 10 6 8 5 2
TETP 8.33 11 1 4 6 2 9 10 8 5 7 3
Capital costs 8.33 1 11 6 9 10 2 3 5 4 7 8
Annualised costs 8.33 11 3 6 4 2 9 10 8 7 5 1
Total score 100 10.0 24 5.8 5. 3.0 8.5 9.3 6.6 6.4 5.9 2.9
Rank 11 1 5 4 3 9 10 8 7 6 2
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Fig. 9. MCDA score with GWP, HTP and annualised costs being 10 times more important, one at a time, than other criteria (importance weight assigned to each at a time: 48%).
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exceeds considerably the estimated available renewable energy
potential in Mexico (specifically for wind and ocean energy) and is
therefore highly unlikely to be realised by 2050.

3.5.2. Different preferences for sustainability criteria

As discussed in Section 2.5, different stakeholders (e.g. industry,
public, government, etc.) will have different priorities related to
electricity generation and supply. For this reason, sensitivity anal-
ysis is carried out to find out if the ranking of the scenarios changes
with different preferences for (and weighting of) the indicators. To
limit the analysis to a reasonable number of runs, three indicators
are considered — climate change (GWP), human toxicity (HTP) and
costs (annualised) — as these have been found to be the important
issues for some stakeholders (Roth et al., 2009; Stamford and
Azapagic, 2011; Streimikiene, 2010). The SMART method has been
used for these purposes (see Section 2.5 for the methodology) as
follows:

i) 10 times higher preference is given to one of the three indicators
at a time with all other indicators assuming equal importance;
and

ii) 10 times higher preference is assigned to each of the three in-
dicators at the same time.

If a 10 times higher preference is given to one of the three in-
dicators at a time, the weight of preference is estimated at 48% (out
of 100%). Based on the same assumption, when giving priority to all
three indicators at the same time, a weight of 25.6% is estimated for
each of the selected criteria, summing to a total weight between
them of 77% (with the rest of the criteria accounting for the
remaining 23%). Fig. 9 shows the MCDA results (sustainability
scores) with the priority assigned to the GWP, HTP, and total
annualised costs, respectively; the results considering higher
preference for these three indicators at the same time are given in
Fig. 10. The full MCDA results can be found in Supplementary
information, Tables S19—-21.

It is clear from Fig. 9a that, if the GWP is the priority, the most
attractive options are scenarios C-3 and A-3 followed by the Green
scenario (ranked 1st, 2nd and 3rd and scoring 2.1, 2.6 and 3.1,
respectively). Even though scenario B-3 has the same GWP, it ranks
4th because of its performance on the rest of the criteria. However,
this is a considerable improvement on its ranking as the 8th when
assuming equal weights (see Table 9). The BAU scenario is the worst
option, scoring 10.4.

However, when giving priority to the HTP, the Green scenario
becomes the best option, scoring 1.8 (see Fig. 9b). It is followed by
scenarios A-3 and C-3 which score 2.6 and 3.4, respectively. Inter-
estingly, scenario A-1 improves from its previous ranking going
from the 5th (Table 9) and 8th (Fig. 9a) place to be ranked the 4th
best option (Fig. 9b) because of its relatively low HTP. The BAU
scenario is again the worst option scoring 10.4.

When considering the total annualised costs as the most
important criterion, scenario C-3 becomes the best option scoring
2.1, closely followed by scenarios A-3 and Green (see Fig. 9c). Sce-
nario A-2 shows a good balance among the costs and the rest of the
selected criteria and it takes the 4th place. C-2 and A-1 are ranked
5th and 6th, respectively; BAU is still the least sustainable option.

Finally, Fig. 10 shows that, when priority is given to the three
indicators at the same time, scenarios C-3 and A-3 are the best
options scoring 2.3. The Green scenario follows closely, ranking the
3rd best option with the score of 2.6. The BAU scenario is again the
least sustainable, scoring 10.7. It is followed by B-1 and B-2 which
each score 9.1.

3.5.3. Comparison of the results for different criteria preferences

Table 10 summarises the rankings of the scenarios obtained
using different preferences for the sustainability criteria. As can be
seen, in all the cases, the BAU scenario, which has the highest
contribution from fossil fuels, is the least sustainable option for
future electricity supply in Mexico. Despite its lowest requirement
for capital investment, its poor overall sustainability score is mainly
due to its high annualised costs and LCA impacts. The BAU scenario
is also considered the worst option from the social perspective (as
discussed in Section 3.4.3).

Scenarios B, also based on fossil fuels, perform overall better
that the BAU. This is mainly because of their higher contribution of
renewable energies and the use of CCS to mitigate climate change.
Among the B scenarios, B-3 ranks the best. Therefore, this scenario
demonstrates that an 85% reduction of direct GHG emissions can be
achieved with fossil fuel options — however, at the expense of other
environmental impacts such as depletion of fossil reserves, human
and freshwater toxicity as well as the annualised costs and social
aspects related to the use of CCS and CO, storage.

Overall, increasing the contribution from renewable energies
and nuclear power translates into a better sustainability perfor-
mance which is the case for scenarios A-2, A-1, C-2 and C-1,
generally in the middle of the ranking regardless of the preferences
for the criteria. The main drawbacks for these options, however, are
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Fig. 10. MCDA score with GWP, HTP and annualised costs being 10 times more important, at the same time, than other criteria (an aggregated weight of importance: 77%).
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Table 10
Ranking of scenarios for different preferences for the sustainability criteria (score of
1 denotes the best and 11 the worst option.
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the public acceptability of a higher penetration of renewables
(mainly for scenarios A), health and safety and intergenerational
issues (for scenarios C).

Generally, the Green, A-3 and C-3 top the sustainability rank-
ings. If an equal weighting of the sustainability criteria is consid-
ered, the Green scenario seems to be the most attractive option,
which is also true when assuming a priority on the HTP. However,
when the focus is on climate change mitigation or on the annual-
ised costs, the more appropriate options are clearly scenarios C-3
and A-3. This finding also holds when giving a simultaneous pri-
ority to the GWP, HTP, and annualised costs.

4. Further discussion and policy recommendations

Although the Mexican Government has made an effort in
reducing the environmental impacts by replacing heavy fuel oil-
based power with gas combined cycle power plants and is
recently increasing wind and hydro-power capacity, this is not a
long-term solution for mitigation of climate change. Therefore,
electricity policies in the country should be oriented towards
increasing and diversifying the contribution from low-carbon
technologies, in particular renewables. This would also mitigate
against the uncertainty in future fossil fuel costs.

Among the renewable options, geothermal and hydro-power are
already well established energy sources in Mexico, yet with a sig-
nificant potential for development and proven to be reliable sources
for electricity supply (for both the base and peak loads). In addition,
hydro-power (together with wind) is the option with the lowest
global warming potential among the renewables. However, the main
barrier for large hydro-power plants is public acceptability, mainly
owing to the environmental and social impacts related to dam
constructions (e.g. ecosystem impacts, relocation of communities).

Of the emerging technologies, wind power is the fastest-
growing and probably has the greatest potential in the short
term. Solar power, on the other hand, although with a great po-
tential in Mexico, still has high capital costs and it may be a while
before it is affordable in countries such as Mexico. Ocean energy is
at an early stage of development, still requiring significant work for
the estimation of its energy potential and financial support. While
Mexico has large and diverse biomass energy resources (forestry,
energy crops and wastes), the implementation of these resources
has been limited mostly to the use of sugar cane bagasse for elec-
tricity production, owing to the lack of appropriate policies and
financial incentives. Therefore, main efforts from the Mexican
Government should aim to strengthen the current renewable en-
ergy policies within the country.

Additionally, the decarbonisation of the Mexican power sector
for the future should implement a more diverse electricity supply

combining large-scale use of renewable energies, nuclear power
and to a lesser extent the use of CCS for future fossil fuel-based
power plants.

In the event the Government opts for a fossil-fuel based policy,
scenario B-3 represents the most suitable option, enabling an 85%
reduction of GHG by 2050. However, other environmental impacts
such as ADP, HTP, FAETP would increase on today's values, mainly
because of the use of CCS; the annualised costs would also go up
owing to the expected high fossil fuel costs.

On the other hand, by increasing the share of renewable en-
ergies and nuclear power in the electricity mix, as in scenarios
Green, A-3 and C-3, most of the life cycle environmental impacts
are reduced considerably compared to the BAU scenario. Although
renewable energy based scenarios require high capital costs, the
total annualised costs will even out over time (as evidenced in
scenarios C-3 and A-3) owing to lower fuel costs.

While the results of the sustainability assessment of electricity
options for Mexico obtained in this work point at the scenarios
Green, A-3 and C-3 as the most sustainable options, the selection of
the ‘best’ option will depend highly on stakeholders' and decision
makers' preferences. If the focus is on mitigation of climate change
impacts, scenarios A-3 and C-3 are the most sustainable options.
Scenarios A-3 and C-3 are also favoured when considering climate
change, human toxicity and annualised costs as the most important
sustainability criteria.

On the basis of this research, a number of policy recommen-
dations can be made with respect to sustainable development of
the electricity sector in Mexico:

e more stringent emission standards should be introduced and
implemented to regulate the operation of fossil fuel based po-
wer plants and reduce their environmental and social impacts in
the short term;

e a detailed techno-economic potential of all renewable energies
available in Mexico (including ocean energy) should be carried out;

¢ a feasibility assessment should be carried for CCS (e.g. infra-
structure requirements for carbon transport and the potential
for carbon storage in Mexico);

e the potential for the expansion of nuclear power should be
assessed considering the social aspects outlined in this work
such as public acceptability, health and safety and intergener-
ational issues;

e apolicy to stimulate a reduction in electricity demand should be
developed and introduced — as the results for the BAU scenario
show, the higher demand leads to much higher sustainability
impacts than in similar scenarios which assume a lower demand
(e.g. B scenarios);

e most sustainable pathways for mitigation of climate change
should be identified and implemented (e.g. along the lines of
scenarios A-3 and C-3);

e suitable policies and financial support mechanisms for the
promotion of low-carbon power generation technologies should
be considered and introduced (e.g. incentives, carbon tax);

e besides the existing international incentive mechanisms, such
as the Kyoto Protocol (e.g., Clean Development Mechanism, and
Emissions Trading), the Government should strengthen the
collaboration between the public and private sectors to promote
investment and implementation of low-carbon technologies for
electricity generation for the future;

e a strategy for skills development and training of personnel for
the large-scale deployment of renewable technologies should be
developed; and

e activities for awareness raising of different energy technologies
among population should be considered and introduced at the
national level.
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5. Conclusions

This work has proposed a new methodological framework for an
integrated sustainability assessment of energy systems. The
framework has been applied to the electricity system in Mexico,
considering the country's key energy drivers and climate change
targets in 2050. It is hoped that both the proposed methodology
and the research outcomes from this work can be used as a decision
support framework for decision makers to plan electricity supply
for the future.

The results of this research illustrate the complexity of decision
making in the energy sector, where there are multiple sustain-
ability criteria and different preferences for each. The results also
show that in such situations often there are no ‘best’ solutions and
trade-offs are necessary to identify the ‘most sustainable’ option.

In the case of Mexico considered here as an illustrative example,
the ‘most sustainable’ options identified through MCDA are the
Green, A-3 and C-3 scenarios. If an equal weighting of the sus-
tainability criteria is considered, the Green scenario (with 86%
contribution from renewables and 14% from fossil fuels) seems to
be the most attractive option; this is also so when assuming that
human toxicity is the most important criterion. However, the
technical feasibility of this scenario is uncertain owing to a very
high penetration of renewables which, in addition to the inter-
mittency issues and small base-load capacity, exceeds the currently
estimated potential for some of the renewables. On the other hand,
when climate change mitigation, costs and human toxicity are all
considered more important than the other criteria, then C-3 (55%
renewables, 30% nuclear and 15% fossil) and A-3 (75% renewables,
10% nuclear and 15% fossil) are better options. Therefore, these
results indicate clearly which future electricity pathways decision
and policy makers should consider for a sustainable development
of the energy sector in Mexico.
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