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The economics of climate mitigation: exploring the relative significance of the
incentivesfor and barriersto low-carbon investment in urban areas

Abstract

Achieving net zero emissions by 205@s envisioned in the Paris Agreememill require
radical changes to urban form and function. Securing the necessary commitmentsiandses
will be easier in the presence of a compelling economic case for mitigadicusing on Recife
in Brazil, we evaluate a wide range of low-carbon measures under differentrdisaies and
energy pricesWe find that under less favourable conditions (high discouns;ratastant
energy prices), the city could reduce its emissions by 15%, relative to besénessl trends
through investment which would generate returns at market interest rates. tdoder
favourable conditions (low discount rates; increasing energy pricesgjtyheould reduce
emissions by 25% with market-rate returns. That these opportunities haweenoéxploited
indicates that barriers to low-carbon investment, including poor provision afriafion,
transaction costs, and capacity deficits, may be of greater importance than tled doalet
incentives for raising climate investmerDecision-makers therefore need to prioritise
dismantling these obstaclés low-carbon investment and fostering norms of environmental
citizenship within cities.

1. Introduction
1.1 Cities as climate actors

In December 2015, the signatories to the Paris Agreement committed to keeping the global
temperature rise this century to less than 2°C above pre-industrial levels. Thisthas rig

been hailed as an extraordinary diplomatic achievement, negotiating seemingly irretmncilab
differences to deliver “the first global accord on climate change with policy obligations for all
countries” (Dimitrov, 2016: 1). Yet although negotiated and signed by national governments,
delivering the Paris Agreement will depend substantially on action at the city scale.

Urban areas account for 71-76% of carbon dioxide emissions from global final energy use,
and their share of emissions is likely to increase with rapid urbanisation (Set@eid).
Achieving net zero emissions by 205@s envisioned in the Paris Agreementill require

radical changes to urban form and function. Mature cities will need to refurbish existing
systems and infrastructures, and fast-growing cities will need to shift towardsdarkenr
development pathways (Davis et al., 2010; Miller et al., 2013). Although the capacities and
authorities of municipal authorities vary considerably, most have key powers that will be
necessary for decarbonisation, including responsibility for zoning ordinances, building codes,
urban transport projects and solid waste management (Romero-Lankao, 2007; Bassett and
Shandas, 2010).

In addition to their importance as sites of climate action, cities have considerablelpolitica
significance. While local-level decisions are partially shaped by their national and
supranational contexts (Swilling et al., 2013), some city governments have shown remarkable
leadership in the absence of external drivers of aci®tiemonstrated by the proliferation of
climate change experiments and the growth of transnational networks of city governments
(Anguelovski and Carmin, 2011; Castan Broto and Bulkeley, 2013). Indeed, a few cities
pursued low-carbon urbanism as an explicit response to national government inaction, notably
during the presidency of George W Bush (Bulkeley and Betsill, 2013).



Urban leadership may be needed more than ever. In parallel with rising optimism around the
ambition of urban action actors, there is once again doubt about the capacity and will of
national governments to act on climate change. NotatadyJ$ (the world’s second largest
greenhouse gas emitter) has elected an avowed climate sceptic as President, China (the
world’s largest greenhouse gas emitidras not yet established the policy frameworks needed
to meets its Paris targets (Guan et al., 2016; den Elzen et al., 2016), and Braaitlihe

sixth largest greenhouse gas emitter) is struggling with recession and pstitindhl.

It is therefore imperative to engage, energise and empower city governments to mainstream
mitigation into other urban development agendas. There are myriad reasons why cities might
make climate commitments, but economic considerations are central for many decision-
makers. Indeed, some authors suggest that the Paris Agreement was made possible by altered
perceptions around the economic benefits of climate action (for example, see Wang and Li,
2015; Dimitrov, 2016). This paper therefore seeks to assess the economic case for climate
action at the city scale. We adopt a bottom-up approach where we conduct benefit-cost
analyses for a wide range of low-carbon measures in a case studyreityfe in Brazil. Our

focus is on the near-term, local case for low-carbon investment, with the aim of providing
insights relevant to prospective investors as well as policymakers.

This focus should not imply that economic perspectives alone should inform planning and
policy. Indeed, large-scale low-carbon measures are typically motivatedchiegt“co-

benefits” rather than by opportunities for emissions reduction: mass transit is intended to
improve road safety and air quality (Creutzig and He, 2009; Litman, Fo4i et al., 2015),
building retrofits are intended to reduce fuel poverty and energy bills (Castleton[2&o;
Vorsatz and Herrero, 2012), and so on. However, the financial feasibility of an investment is
often a precursor to unlocking the necessary resources, and to that extent economic analysis
can be seen as a necessdmdt a sufficient) basis to pursue less carbon-intensive forms of
urban development.

Our methods and the case study are outlined in Section 2. We calculate the net present value
(NPV) of nearly seventy mitigation options available to the city of Recife under a range of
different discount rates, energy prices and carbon prices. This approach allows us to identify a
large array of low-carbon measures, detailed in Section 3, that already promise commercial
rates of return. In Section 4, we evaluate whether decision-makers should focus on improving
the incentives for climate action, or prioritise dismantling barriers to investment gatiati.

Finally, in Section 5 we consider the pathways to deeper decarbonisation beyond the
economically attractive mitigation potential. We start though by briefly reviewindglotgrs
influencing low-carbon investmerthe choice of discount rate and the presence of enabling
policies.

1.2 The choice of discount rate

The choice of discount rate is central to evaluating the economic caderfate action, as it
determines the rate at which future costs and benefits are converted into cbstsdditsitoday

Since the impacts of climate change will unfold over many decades, decisions@badatact

have intergenerational implications and carry a high level of uncertgivey.in a hypothetical
scenario where scientists have no uncertainty about the timing and scale of iz -
hazards, and economists can accurately cost the social, economic and environmental impacts
of those events, the choice of discount rate could still lead to wildly diffdesigions about
whether and how much to act on climate change.

The Ramsey approach (1928) proposes that a discount rate has two components. The first
component considers the growth of the economy in the future, and the effeabtitht\gould

have on consumers’ utility. Where growth is assumed to be higher, and to have a large impact
on utility, the discount rate is higher. The second component is the pure rate pfaference:



the relative weight attached to a unit of income by individuals or generatiensime, based
on the assumption that people would prefer to receive a unit of income now hather the
future. A time preference of 0 would suggest that costs and benefits bdheefirture are
valued equally to those borne in the present.

While the principles underpinning the discount rate are well-understood, debateiesaver

the appropriate parameters in different contexts. The implications cfitiee of discount rate

are significant. In The Stern Review on the Economics of Climate Change, Stern (20G6) used
relatively low discount rate of 1.4% per year, therefore placing a higie wn future costs and
benefits. The results of his analysis led Stern to call for aggressive amadliate investment

in emissions reduction, arguing that the costs of mitigation in the shoratertikely to be
much less than the costs of climate change impacts in the longer term. By comparison
Nordhaus (2007) argued that the variables adopted in a benefit-cost analysis sHuaddd

on observed behaviour, reflected in market interest rates, rather than aveocian about

how we ought to value the future. Accordingly, he proposed an equilibriurdiseaunt rate

of 5.5% per yeat.Nordhaus concluded that the optimal abatement strategy is to maintain
investment in conventional capital in the near future, thereby generatingmaaldiesources

for investment in mitigation and adaptation in the longer-term.

The different treatment of opportunity costs and social time preferences byataekamics
catalysed extensive research into selecting and/or reconciling disctmsnfsee Arrow et al.

2013; Moxnes, 2014; Heal and Millner, 2014). Yet there have been few assessments of the way
that the choice of discount rate may influence the economic feasibilityit@jation for
prospective investors, and none that evaluate the aggregate impacts at the cifhiscstiedy

is intended to redress this gap.

1.3 Improving the economic case for climate mitigation

Although there is scope for governments to act on climate change, to a largegidiah
investment in mitigation will be the sum of local, private decisions by houwssHmnisinesses

and local governments. In the absence of a compelling economic case for mitigation
governments can pursue two alternative strategies to drive action: impiuoiimgéntives for,

or overcoming the barriers to, low-carbon investment.

Carbon pricing is a standard economic prescription to incentivise emissions redubison. T
policy is intended to internalise the social costs of pollution, so that @nommental
externality is better reflected in the prices that shape private decisiartsonCpricing is
intended to make sure that prospective polluters bear the cost of emissionsitseythaore

likely to choose low-carbon options over fossil fuel-based goods and services. Aomprice
carbon can be achieved by establishing a tax on greenhouse gas emissions or through an
emissions trading scheme, although Stern (2006) observes that regulation can also place an
implicit price on carbon. The economic literature largely agrees that carigorg is the most

efficient and cost-effective way to achieve emission reductions (for example, seeGnd

Parry, 2008; Aldy and Stavins, 2012; Jenkins, 20Hbwever, extensive debate continues
about the social cost of carbon that should ideally guide carbon pricing (see fptesxano

et al., 2006; Hope, 2008; Grubb, 2014; van den Bergh and Botzen). Z01$ is at least

1In economic terms, the first component of a discount rate is a furméttbe economic growth rate and the
consumption elasticity of marginal utility (how much wellbeingmtes in proportion to changes in levels of
consumption). The higher the expected growth rate and the largdadghtieity of consumption, the more our
future welfare is assumed to increase amacordingly- the higher the discount rate. Stern assumed a real
increase in per capita output of 1.3% per year, a consungitisticity of 1 and a time preference of 0.1% per
year. In other words, he projects an annual increase in global GDB&fthat any changes in consumption will
be exactly proportionate to changes in wealth and that a unitahe received in one year will be valued at
99.9% of its present value the following year. By comparison, iNarslassumed a consumption elasticity of 2
and a time preference of 1.5% per year.



partially because the current value of future monetary damages depend on the digeount
used and the mitigation policies put in place over coming decades (Howarth et al., 2014; Pizer
et al., 2014). Despite these uncertainties, carbon pricing and emission trading scherres exist
a growing number of jurisdictions, including the European Union, South Korea, Neandgeal
some states in the USA and Canada and some cities in China and Japan.

Where the financial incentives for climate action are sufficient to mobilise @liatcarbon
investment, governments need to identify and tackle various barriers to chargeanRel
literature argues that investment decisions will be influenced by a mietofations, such as
personal commitment, social norms, embedded behaviours, institutional inereagrns&ness
and capacity deficits (see Semenza et al, 2010; Gifford et al. 2011; sHandePenning-
Rowsell, 2011; Hussein et al. 2011; Simalenga, 2011; Berkhout, 2012; Rickard20t4al.
Much of the literature on this topic presumes that these barriers to low-carkstment will
be overcome if the risk-adjusted returns are high enough. We test this assumptionibiyngxam
the unexploited scope for economically attractive mitigation measures at théelataWe
hope that our findings will shed light on the relative importance of inenfor and barriers
to low-carbon investment and behavioural change.

2. Case Study and Methods

To explore the relative importance of skedifferent factors, this paper adopts the city of Recife

in northeast Brazil as a case study. The analysis is based on a bottom-up asseséiment of t
investment needs, returns and mitigation potential of a wide range of low-cadasures

This approach has been developed explicitly to contrast with global, top-down assessments on
the economics of climate change. We test the economic case for climate actidiouwit
different discount rates and three different rates of energy price indf@asach combination

of discount rates and energy prices, we identify a package of economiaalbtiadt low-
carbon measures and assess the NPV of that package. We also calculapadte afrthis
package of measures die city’s carbon emissions over the next fifteen years, compared
‘business as usual’ modes of development. The findings are drawn together to determine the
economic case for low-carbon investment in Recife under different scenarios.

2.1 Case study: Recife, Brazil

Brazil is the largest country in Latin America, and its population of ovem#@hon people
makes it the fifth most populous country in the world (World Bank, 8p1lii the decade to
2014 Brazil’s economy grew on average by 3.3% per year, making it the seventh largest
economy in the world (IEA, 20)6I1ts rapid economic growth was accompanied by
dramatically increasing energy demand. Brazil is the eighth largest energy coasuhtkee
tenth largest energy producer in the world. The sector with greatest demandrfyy in Brazil

is industry, followed by the residential and commercial sectors. Energy suppeg poimarily

from oil and other liquid fuels (47%), hydroelectricity (35%) andirsdtgas (8%) (EIA, 2014).
More recently, the Brazilian economy has been shrinking at a rate ofg®b%4ear, while
national investment by the oil industry has been slashed due to falling revenues, high debt and
the repercussions of the Petrobras corruption scandal (IEA, 2016).

Economic development, population growth and rising demand for food and energy have created
environmental challenges, as well as unevenly distributed social and economic gains.
Excluding land use change and forestry, Brazil was ranked as the seventh largest i@GtG em

in 2013 (WRI, CAIT, 201). This underscores the importance of tackling emissions from
households, industry, transport, waste and other sectors that are predominately conagentrated i
urban centres. While subnational bodies are critical to implementation, howevdatiteal

Plan on Climate Change (2008) and National Policy on Climate Change (2009) remaamthe



bodies responsible for setting climate targets and designing climate pglisiesia and Netto,
2011).

Even by the standards of Latin America, local actors in Brazil have substantabmy in
designing and implementing local development strategies. This has fuelled figktal an
administrative strengthening of municipal authorities (Bossuyt, 2013)of 2815, 86% of
Brazilians lived in cities (World Bank, 2017b). Although Sao Paolo and Rio dedamei
easily the country’s largest cities, with populations of 11 million and 6.5 million respectively,
the fate of most urban dwellers in Brazil will depend upon the quality ofaj@weint in second-

tier cities, whichare home to 53.2% of Brazil’s urban population (IBGE, 2014). Of these
second-tier cities, Recife was chosen as a case study in response tasmthursihe proposed
method and outputs from the City of Recife.

With a population of 1.6 million people (IBGE, 2014), Recife is the capital oftidie of
Pernambuco and the largest city in the Northeast reljibas a tropical climate, with average
daily temperatures ranging from 26°C to 29°C and average humidity above 70% ediuyela
(Recife.com, 2015). Recife had a GDP per capita of R$29,037 (US$13,482) in 2BE3 (IG
2013. However, the city’s high middle-income status hides substantial economic inequality.
12% of the population are not served by the municipal water system, 57% seeveak by the
municipal wastewater drainage system and 23% live in informal settlements (ICLEI, I2015).
2012, people living within the city produced an average of 2.0386CQCLEI, 2014)
compared to a per capita average of 12.4%t€M OECD countries (OECD, 2015). However,
like most other cities (Satterthwaite, 2008), there are significant inggs @i per capita energy
consumption and emissions production within the city.

The small carbon footprint of Recife is partially because of the low cariiensity of the
electricity supplied to the city and partially a legacy of ambitious erwngservation measures
implemented across Brazil in the early 2000s. Emissions in the city are pripradiyced by

the transport sector (65.6%), followed by waste (19.3%), residential buildings) (@xdustry
(4.9%) and the commercial and public sectors (4.2%) (ICLEI, 2014). In order to cootinue
its low-carbon development trajectory, the City of Recife is implementing thiecpro
Promoting Urban Low Emission Development Strategies in Emerging Economies
(UrbanLEDS), with technical assistance from ICLEI and support from UN-Habitat

2.2 Basdine analysis

Our baseline scenario presents levels of energy use, energy expenditukGeiSsions in

Recife since 2000, and projects how these will change to 2030 based on business as usual trends
and planned investments. The baseline was largely developed from the city-ssaieremi
inventory prepared for 2012 (ICLEI, 2014) which aligns with the Global Protocol for
Community-Scale Greenhouse Gas Inventories (GPC).

The emissions inventory provided details on energy consumption by fuel type in RE6IRi

In order to calculate levels of energy consumption between 2000 and 20isedwdata on the
changing rates of energy consumption from the Energy Research Company (EPE, 2009; 2011;
2013a; 2013b), ICLEI (2014), and Hornweg and Bhada-Tata (2012). Levels and composition
of energy use in the commercial, domestic, industrial, transport and waste sertforecast

to 2030 based on a continuation of trends between 2010 and 2014. This method captured recent
business as usual trends in, for example, population growth, economic growth, background
improvements in energy efficiency and changing consumer behaviour.

Trends inGHG emissions and energy expenditure were calculated from the projected changes
in the levels and composition of energy use. We model three alternative scemragiosrfy
expenditure over this period, based on a 0%, 2% and 4% annual increase in real energy prices.
Projections of the changing carbon intensity of electricity were informeWaosid Bank



estimates of generation capacity in Brazil through to 2030 (Yepez&Gatcal., 2010;
Tolmasquim, 201p The resulting baselines predict energy consumption, energy bills and
carbon footprints through to 30 under business as usual conditions. The data sources,
methods and assumptions are detailed in Appendix A.

All future activities are compared against these baselines. In practicts Regit not be able
to sustain its current development trajectory due to, for example, traffic camg&stin the
increasing number of private motor vehicles. The recent economic crisis in Brazlsbas
affected growth rates. However, the purpose of these baselines is to provgieess as usual
scenario against which to measure the potential impacts of the low-carbon measures.

2.3 ldentification and economic assessment of measur es

A short list of low-carbon measures was prepared through a literature revievakettokier
consultations. The participants in the stakeholder workshops are listed in Apperite B
resulting short list is not intended to be exhaustive. In particular, gheriocus on the
economic valuation of low-carbon measures, this analysis does not consider theampac
significant changes in land use planning or the spatial distribution oftestiwithin Recife
Such modifications to urban form and function are important, but outside the scapestfdi.

The performance of each measure was assessed using data from academic aathgrey lit
which was refined through stakeholder review. Our evaluation involved a benefitrebsatis

of each measure based on the direct, private economic costs and returns froingléphby
measure. The costs incorporated the capital, running and maintenance costs of each measure,
focusing on the marginal or extra costs of adopting a more energy efficilentasrcarbon
alternative. The benefits incorporated the economic savings from reduced energy esgenditu
over the lifetime of the measure, taking into account installation anarpenfice gaps. Inputs,
data sources and assumptions for each measure are detailed in Appendix A. A masisure
considered to be economically attractive on commercial teringénerated a positive NPV
over its lifetime at the selected discount rate. By focusing on the adratpotential of readily
available technologies over the next fifteen years, using current pnidesfficiencies rather
than assuming technological learning, we implicitly assess the need for taphpolicy to
achieve abatement goals.

We assesxd the importance of the choice of discount rate to prospective investors by
conducting the benefit-cost analysis for each measure under four differedisceaint rates:
1.4% as the average from The Stern Review (Stern, 2006), 3.5% as a mid-lemahtdiate

5.5% as the rate used by Nordhaus (2007) in his critique of the Stern Review arab@.5%
plausible discount rate for private investors seeking to maximise #teins. For reference,

the Central Bank of Brazil has a nominal discount rate of 13.75%, whigth an inflation

rate of 6.3% per annum in 2014 (World Bank, 2018jjuates to a real discount rate of 7.45%.
We further tested the feasibility of each measure under different energy qménarios,
calculating the NPV of all measures over their lifespan with 2014 empeiggs and with an
annual increase in real prices of 2% and 4%.

2.4 Aggregation of findings

Rates of deployment were selected based on levels of uptake deemed reabsimalable

by the stakeholder panels. The mitigation potential of each measure at thisdgpéoyment

was based on calculations of the renewable energy generated, energy use avoided or waste
emissions prevented, compared with BAU levels, in the period3a 28 each measure could

be in place for many years, the models incorporated the changing carbon integisityriufity
consumption. None of the scenarios considered any level of technological learning, so o



assessments of the measures are conservative estimates of both the economic case and
mitigation potential to 2030.

These estimates of mitigation potential underpinned our calculations of the impact of a carbon
price on the NPV of each measure. We evaluated the impact of a carbon price of US$10/tCO
e and US$25/tC@&e on the economic feasibility of each measure. This was achieved by
multiplying the total emission reductions delivered by a measure each yé¢ae bglected
carbon price. Importantly, when calculating the NPV of a measure and assuming fgadicih
remains constant in 2015 USD terms to 2030, a carbon price of US$10 per tonne of carbo
dioxide equivalent would be valued at $8.09 in 2030 with a discount rateé%6f &ndl at $3.11

with a discount rate of 7.5%. A carbon price of US$25 per tonne of carbon dioxide edquivalen
would be valued at US$20.23 in 2030 with a discount rate of 1.4%, and at $7.76 with a discount
rate of 7.5%.

The results from the assessment of the performance of each measure, atmb¢héors
deploying each measure, were aggregated to determine the potential impachaaibfesd¢nt
sectors and for the whole city. This underpinned calculations of overaltimyaisneeds and
paybacks in each scenario, as well as impacts on greenhouse gas emissions ferehe dif
sectors in the city.

Many low-carbon measures interact with each other, so their performance depends on
whether/to what extent another option is also adof3edd]j et d., 2013). This has long been

a challenge in appraising different mitigation options (Kesicki and Ekins, 20idt;:S€hilb

and Hallegatte, 2014). For example, the economic and carbon savings from converting taxis to
compressed natural gas (CNG) depend on the extent of modal shift to the expancled bicy
scheme or Bus Rapid Transport (BRT) system. Similarly, the benefits of tuffithg lights

for an extra hour per day depend on whether the lights are compact fluorescent (CFL) bulbs or
light emitting diodes (LEDs). When determining the potential economic and carbiogssav
across the city, we included the effect of each measure on the mitigatesrtigdodf other
measures in order to develop realistic assessment of their combined impacts.

3. Results
3.1 Business-as-usual trendsin urban energy use, energy expenditure and emissions

Under business as usual conditions, we predict that total energy consumptionfermiec
increase by 91% between 2014 and 2030. Factoring in slight improvements in the carbon
intensity of energy consumption, this will lead to an increase of 7@¥e@duction-based GHG
emissions from Recife over the same period. With forecast population inctbésesjuate

to an increase of 58% in per capita emissions. The rise in energy use and emigkions w
overwhelmingly come from the transport sector (Figure 1), partiallyjtaltiee growing share

of trips completed by private motor vehicles and partially because the Issi@ns factor of
Brazilian electricity means that other sectors will remain relativelyoraefficient.
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Figure 1. Production-based GHG emissions from the city of Recife between 2000 and 2030.

3.2 The economic case for urban climate mitigation

We find that a wide range of low-carbon measures could be depiloybfflerent sectors in
Recife. However, we also find that the economic case for investment in these apsubject

to the choice of discount rate, expectations about future energy prices (Figure theand
introduction of a price on carbon (Figure 3).

Our most conservative scenario assumes that energy prices will remain cotisant,
prospective investors will use a discount rate of 7.5% and that thetzewid price on carbon
Even under these conditions, our analysis indicates that many low-carbon measuresevill pr
to be economically attractive compared to leigtarbon alternatives. These include no-cost
behavioural changes such as turning off lights, investments with low capitalsocbktsas
increasing building albedo and measures that immediately offer high ratsirof, such as
more efficient air conditioners. In this scenario, the bundle of economidadgtate measures
has a NPV of US$1.4 billion. On these grounds, there seems to be an opportumibyjligem
levels of low-carbon investment that are significant when compaietife’s annual GDP of
US$16.6 billion in 2014 or its annual energy bill of US$1.5 billion.

We find that the economic case becomes even more compelling if we assume that ezexgy pri
will increase in real terms and/or that prospective investors willaussver discount rate.
Measures that achieve a positive NPV under these conditions include rooftop solay panel
ambitious LED targets and energy-from-waste infrastructure with combineanatower.

With an annual increase in real energy prices of 4% (which seems unlikely consigegnt
trends in global oil and gas markets), the bundle of economically attraxgtasures has a NPV

of US$3.0 billion- even with a discount rate of 7.5%. With a discount rate of 1.4% per annum
and energy prices at 2014 levels, the bundle of economically attractive measurbiPNasfa
US$3.1 billion. Under the most favourable conditions for low-carbon investment, \ghh hi
increases in real energy prices and a low discount rate, we identify ke tmfirdw-carbon



measures in Recife with a NPV of US$8.3 billion (Figure 2). The most at&ampitions in
each scenario are presented in Table 1.
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Figure 2. Net present value of the cost-effective low-carbon measures available in Recife with four different
discount rates and under three different energy price scenarios.



Table 1. The net present value (USD millions) of the two most economically attractive low-carbon optionsin

each sector under each of the twelve different scenarios.

0%

ANNUAL INCREASE IN REAL ENERGY PRICES

2%

4%

DISCOUNT RATE:

DISCOUNT RATE:

DISCOUNT RATE:

Sector  Measure 140% 350% 550% 75% | 140% 350% 550% 75% | 140% 350% 550%  7.5%
® Air conditioner - 20%
g improvement on BAU
g efficiency $791 $465 $222 $31| $1,218 $806 $501 $261| $1,739 $1,221 $838 $537
S
§  Setting LED target of 100% by
2030 (commercial buildings) $112 $69 $37 $12 $167 $114 $75 $43 $234 $169 $119 $80
Refrigerator 20%
S improvement on BAU
g efficiency $224 $193 $169  $149 $260 $222 $194  $170 $304 $258 $223 $195
=]
§§ Energy management -
appliances $174 $146 $125  $107 $209 $173 $147  $126 $251 $207 $174 $148
£ EU carbon emissions vehicle
& standards $1,203 $903 $687  $523 | $1,727 $1,307 $1,006 $776| $2,374 $1,805 $1,397 $1,086
8
= Increase in bus service (40%)
hybrid $477 $331 $226  $145 $155 $76 $20  -$23| -$235  -$231  -$227  -$224
o Energy from waste (combined
g heatand power) $83  -$10  -$70 -$112| $325  $160  $54 520 | $631  $373  $208  $93
2 Waste collection hybrid
retrofit $5 $4 $3 $2 $6 $5 $4 $3 $8 $6 $5 $4

Not surprisingly, we find that the introduction of a carbon price would haasitive impact

on the economic case for mitigation. With a discount rate of 1.4%, a carbonoprice
US$25/tCG-e would increase the NPV of the bundle of cost-effective measures from US$4.0
to US$4.2 billion. With a discount rate of 7.5%, a carbon price of US$254@0uld increase

the NPV of this bundle of measures from US$1.3 billion to US$1.4 billion. Howevier, i
apparent from comparing Figures 2 and 3 that an annual energy price incre#sevotil2l

have a much more significant impact on the economic case for low-carbon invesianeat t
fixed carbon price of US$25.
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Figure 3. Net present value of the cost-effective low-carbon measures available in Recife with four different
discount rates and under three different carbon price scenarios.

3.3 The mitigation potential of economically attractive climate actions

Ultimately, the success of a climate mitigation strategy shoelrigely measured by the
emission reductions that it delivers. Each of the scenarios presented in Figure3 yeddsl
different levels of carbon savings, depending on the particular measures that are etlgnomica
feasible with that specific combination of discount sa@nergy price increases and carbon
prices.

We should note that, in our models, each measure has the same rate of deployment in all
scenarios. In other words, if a measure is included in a scenario (because it hageaNi®Ssiti

under that scenario’s parameters), we assume the same level of adoption and consequently the

same level of carbon savings. In practice, higher returns due to rising eneegyqriower

interest rates might increase demand for low-carbon measures. Alternatively amadlliti

the income from these investments may be spent on goods and services that increase energy
consumption (van den Bergh, 2011; Gillingham et al., 2015). In the absence of reliable dat
about elasticity of demand and the scale of reboundtgffee used the rate of deployment
recommended by the stakeholder panel across all scenarios.

Under the least favourable conditions for low-carbon investment and behavioural change, t
city could reduce emissions by 15% relative to business as usual trends. Understhe m
favourable conditions, the city could reduce emissions by 25%, relative to businessl as usua



Carbon savings (MtCO2-€)

trends (Figure 4). The other scenarios all offer emission reductions within this regtgmultt

be emphasised that these carbon savings would be obtained just by exploiting the ecgnomicall

attractive mitigation options in each scenario.

Details of the most carbon-effective options available to the city of Recitketaided in Table
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Figure 4. Emissions from Recife between 2000 and 2030 under five different investment scenarios.

Table 2. The most car bon-effective measur es available in each sector in Recife.

Sector Most car bon-effective measures available to Most car bon-effective measures available to
Recife Recife that also generate a market return*
Measure Carbon Measure Carbon
savings savings
(ktCO2- (ktCO2e)
e)
Commercial | Air conditioner - 20% improvement or] 394 Air conditioner - 20% improvement 394
BAU efficiency on BAU efficiency
Setting light-emitting diode (LED) . o
target of 100% by 2030 109 Setting LED target of 100% by 203(0 109
Residential Solar photovoltaic panels - 10% of 296 Solar photovoltaic panels - 10% of 296
households by 2030 households by 2030
Air conditioner - 20% improvement or 212 Air conditioner - 20% improvement 212
BAU efficiency on BAU efficiency
Transport Converting existing bus fleet to EU carbon emission vehicle
biodiesel 7,468 standards 4,140
- . Converting existing bus fleet to
EU carbon emission vehicle standard| 4,140 hybrids by 2030 3,007
Waste Centralised composting 7,878 Landfill gas utilisation 4334
] S Energy from waste (combined heat
Landfill gas utilisation 4334 and power) 3,661

* Based on a central scenario with discount rates of 5%rperum, annual energy price increases of 2% per aandmo price

on carbon.



4. Discussion
4.1 The significance of incentivesfor low-carbon investment at thelocal level

This case study of Recife demonstrates that there are many low-carbon mézsuses
currently available and that generate a significant economic return for irsyesten in the
absence of enabling pricing policies. Prospective investors in the citgoifieRhouseholds,
businesses, local authorities or national government) could collectediize emissions by
15%, relative to business as usual trends, just by exploiting those measures that geeakate
return of 7.5% per annunif. energy prices were to rise and investors to adopt a discount rate
as low as 1.4% per annum, city-scale emissions could be reduced by 25% by exghieiting
low-carbon options that become economically attractive under these conditions. Pariicularl
light of Brazil’s current economic slowdown, urban mitigation should be a compelling
investment opportunity.

Our findings are consistent with those in other cities, including JohbruBin Malaysia,
Kolkata in India, Bristol in the UK and Palembang in Indonesia (Colenbrander 2085a,
2015b, 2016; Millward-Hopkins et al., 2017). These studies all presume a discouhts#te

and an annual energy price increase of 2-3%, and identified mitigation potengatmR5%

of businessasusual emissions. By testing the economic case for low-carbon investment under
a range of energy prices and discount rates, this study demonstrates the robustness of the local
economic case for large-scale, low-carbon investmiengstors’ choice of discount rate and
expectations about energy prices do affect the economic feasibilityigatiaih measures, but
many options prove attractive even under even the least favourable financial parardeter
despite the potential financial returns, the majority of the economiatitlyctive measures
identified in these studies have seen limited uptake.

These results imply that investors are either seeking higher returthgioinvestment than
observed market rates suggest, or that other barriers are constraining investahent
behavioural change. This is illustrated by the economics of high efficiencgraditioners in
Recife. Witha low discount rate and rising energy prices, the NPV of investments lin hig
efficiency air conditioners could represent a US$1.7 billion opportunity fofd&Reeer the next
fifteen years. Even with high discount rates and constant energy prices, th@fNRg
investment would be US$30 million. But investors are commonly choosing not & timak
incremental upfront investment necessary to unlock this stream of besaftgesting that
investors implicitly apply real discount rates exceeding 9% (or nominabuliscrates
approaching 20%).

The typical economic prescription in respotwsthis market failure would be a carbon price to
increase returns from low-carbon investment or various technology policiegptove the
technical and economic feasibility of low-carbon measures. These policy levéxes didficult

to pull, especially at the city scale. More importantly, the returns from imatigns already
seem to be competitive and the risks low: LED light bulbs, rooftop solar panelsefficest
appliances, CNG buses, European carbon emission standards for private vehicles, sewycling
wasteto-energy infrastructure are all proven options, even if their full scope for depiym
has not been realised in cities like Recife. Even many of the more complex measthess
green building standards and BRT systems, have now been adopted in many low- and middle-
income cities. We therefore conclude that decision-makers should focus less on inegntivisi
climate action, and more on dismantling the other barriers to change thtimpieg investors
from exploiting economically attractive low-carbon options.

4.2 The significance of barriersto low-carbon investment at the local level



The barriers to low-carbon investment and behavioural change can come in many different
forms beyond incentive structures. These includeimperfect information, split incentives,
transaction costs, inadequate access to finance, capacity deficits and industry fragmentation
(IEA, 2013; IPCC, 2014). Political economy barriers may be even more significant, such as
opposition from local industry or a culture of consumerism (Cragg et al., 2012; Dauvergne,
2010; Jenkins, 2014).

Although such barriers may manifest in inflated implicit discount rates Wigsatz et al.

2016), they cannot necessarily be overcome through pricing mechanisms. With significant
barriers to technological change, or with deeply embedded behaviours, the |levatboof
pricing needed to incentivise change become politically and economically non-viable.
Accordingly, there is a need to design policy instruments that specifically tackle these obstacles

to low-carbon investment. Such policies will need to be tailored to the local institutional, legal,
economic and cultural context, and to target a range of prospective investors including
households, small and medium enterprises, commercial banks and local authorities. In this

section, we illustrate how improved access to information, capacity building and enabling
financing mechanisms could help to mobilise low-carbon investment in a city like Recife.

Information provision has a critical role to play in raising awareness and enabling action. Better
knowledge of environmental impacts or economic savings can stimulate local demand for low-
carbon options and contribute to addressing principal-agent problems, such as when a builder
or landlord chooses levels of investment in energy efficiency, but purchasers or tenants pay the
energy bills. Many local authorities have conducted effective awareness campaigns at the city
scale, includingVienna’s Stadtisches Energieeffizienz Programnmd Cape Town’s Electricity
Saving Campaign. Such campaigns may include workshops, advertisements across a range of
media, school programmes and outreach through community-based and non-government
organisations. The purpose of these programmes is to promote more sustainable behaviors,
either by highlighting financial incentives (such as lower energy bills) or by cultivating norms
of environmental citizenship. The former can play an important role in engaging a wider range
of stakeholders, but there is also evidence that commodifying sustainability can erode a sense
of moral obligation to act on climate change (Sandel, 2012; Millward-Hopkins, 2016). By
comparison, appealing to people’s environmental concerns can increase compliance and even
generate positive spillovers into other forms of environmental behavior (Bolderdijk ez al., 2013;
Evans et al., 2013). This does not mean that the economic feasibility of different mitigation
options is not important, but only that strategic framing of the message is essential to foster a
strong environmental identity (Heiskanen et al., 2010).

Better provision of information can provide enough motivation for local actors to develop the
knowledge and skills necessary to exploit the most attractive opportunities. However, capacity
building initiatives will often be necessary to develop individuals and organisations to match
the needs of a low-carbon transition (Simalenga, 2011). At the most basic level, creating a pool
of people trained in the design, installation, operation and maintenance of low-carbon measures
can spur local uptake (Meah et al., 2008; Mondal et al., 2010). Transnational networks can be
a particularly useful platform for sharing knowledge and skills at the city level: ICLEI-Local
Governments for Sustainability (of which Recife is a member) and C40 Cities, for instance,
have facilitated urban climate action by providing both assistance and visibility to municipal
governments (Acuto, 2013; Lee and Koski, 2014; Fiinfgeld, 2015).

Even where there is local interest and capacity, prospective investors may be deterred from
low-carbon options by large capital and transaction costs. Many mitigation measures have
higher upfront costs than conventional alternatives, even if they are more economic in the
medium to long term (Jacobs, 2012; Schmidt, 2014). Enabling financing mechanisms can
overcome this barrier. Some options include energy performance contracting, dedicated credit
lines, revolving funds, insurance and guarantees (Sarkar and Singh, 2010; Schmidt, 2014;
Gouldson et al., 2015a; Junghans and Dorsch, 2016). In rarer cases, policymakers can seek to



target the product rather than the financial intermediary, for example through bulk purchases,
utility financing and negotiated bulk discounts (Sarkar and Singh, 2010). Interventions of this
nature depend heavily on horizontal governance arrangements for the requisite knowledge and
capacities, specifically partnerships between governments and private actors such as
commercial banks, electricity utilities or insurance companies. Such financing mechanisms are
also more common at the national than local scale (consider Thailand’s Energy Efficiency
Revolving Fund or the United Kingdom’s Green Deal), demanding cooperation across vertical
levels of governance.

City and national governments can adopt and experiment with other policy instruments to
overcome barriers to low-carbon investment. However, no single policy can overcome the
diverse barriers associated with the full range of mitigation measures available. is
therefore a need fax mix of policy interventions to overcome most if not all barriers at the
same time and in a coordinated way. Improving the economic case for-aftiragxample, by
introducing a carbon price might create incentives so strong that system-wide capacities for
change develop autonomously. But in most instances, this process of change is untikely to t
place without targeted support to dismantle other barriers to action, anl¢astshort time
frames needed to avoid dangerous levels of climate change. Given the need for timgent ac
and the waning interest of many national governments, there is a clearfdsasiunicipal
governments to adopt a wider range of policy instruments in order to overcome thaskesbs
This will enable a wide range of private actors within a given city te takvantage of the
economic case for action on climate change.

5. Conclusions

Focusing on Recife in Brazil, we demonstrate that there is a compelling econcerfiardas/-

carbon investment at the local level. Prospective investors in this partigylaould reduce
city-scale emissions by 15%, relative to business as usual by exploiting thosemiipsthat
generate a real return of 7.5% or more. The mitigation potential increases td 2bJ4scale
emissions if investors are satisfied with a return of 1.4%.

Yet many of the opportunities identified in this paper are not being exploited despéeope

for significant financial savings. Since The Stern Review was publish2006, the standard
prescription in the face of this problem has been to introduce carbammicdopt technology
policies to improve risk-adjusted returns. However, an economic appraisal of dodlvi
mitigation measures in Recife suggests that incentive structures are no tloageain
determinant of levels of low-carbon investment: returns exceeding 7.5% per annum ghould b
exceedingly attractive iBrazil’s current economic climate. Pricing mechanisms may therefore
not be enough to drive systems change. Rather, governments need to utilise a range of policy
instruments to dismantle the barriers to change, particularly the lack of informationfieapaci
and resources at the local level. Where national governments have deprioritises aditioat,

the burden of responsibility falls to city governments to create an enavlingpnment for
large-scale, low-carbon investment.

This paper has focused narrowly on the economic case for urban mitigation. Ménledi
feasibility is an important consideration, the attractiveness of lolaeoameasures need to be
considered in concert with other policy goals: poverty reduction, equity and inglusion
ecological integrity, energy security, mobility and so on. There is ailggdvody of literature

that speaks to the possilde-benefits of well-designed, well-managed climate interventions
particularly with respect to improving air quality (Markandya et al02Fuzzi et al., 2015)
reducing fuel poverty({rge-Vorsatz and Herrero, 2012) and enhancing road safety (Litman,
2014). Wherever possible, cities should prioritise mitigation options thatelilter against
these wider development objectives. This can stimulate public enthusiasm forrbmm-ca



development, strengthiag municipal governments’ willingness to explore more ambitious
mitigation strategies (Gouldson et al., 2015b).

And greater ambition will be necessary. The widespread adoption of the econoaticatiyve
measures identified in Recife and other cities will not achievaleéle@ emission reductions
required to avoid a global temperature increas€Gf(t alone the 1.5°C commitment of the
Paris Agreement), but their cumulative mitigation potential is not nifgignt. With an
appropriate raft of enabling policies, pursuing these opportunities could en@sesuaith as
Recife to build the commitment and capacities necessary for deeper decarbonigatithe
decades to come.

Acknowledgements

Our thanks to the UK Foreign and Commonwealth Office in Brazil and to the ESRige for
Climate Change Economics and Policy (grant no. ES/K006576/1) for funding tfestpto
Jussara Carvalho and Gustavo Pereira from ICLEI-Brazil for the valuabléheyl played in
organising the stakeholder workshops and to Recife City Council for their on-gdingiasm
and support for this research.

References

Acuto M. 2013. City leadership in global governance. Global Governance. 19(3) 481-498

Aldy JE, Stavins RN. 2012. Using the market to address climate change: insights from theory
and experience. Daedaldg1(2) 45-60 DOI:10.1162/DAED_a 00145

Anguelovski I, Carmin JA. 2011. Something borrowed, everything new: innovation and
institutionalization in urban climate governance. Current Opinion in Environmental
Sustainability.3(3) 169-175

Arrow KJ, Cropper M, Gollier C, Groom B, Heal GM, Newell RG, Nordhaus WD, Pindyck
RS, Pizer WA, Portney P, Sterner T, Tol RSJ, Weitzman M. 2013. How Should Benefits
and Costs Be Discounted in an Intergenerational Context? The Views of an Exper
Panel. Resources for the Future Discussion Paper No. 12-53. Available from:
[http://dx.doi.org/10.2139/ssrn.2199511

Bajzelj B, Allwood JM, Cullen JM. 2013. Designing climate change mitigation plans that add
up. Environmental Science and Technoldg14) 8062-8069

Bassett E, Shandas V. 2010. Innovation and climate action planning: perspectives from
municipal plans. Journal of the American Planning Associafig.) 435-450

Berkhout F. 2012. Adaptation to climate change by organizations. Wiley btgidiary
Reviews: Climate Chang8(1) 91-106 DOI: 10.1002/wcc.154

Bolderdijk JW, Steg L, Geller ES, Lehman PK, Postmes T. 2013. Comparing the effectiveness
of monetary versus moral motives in environmental campaigning. Nature Climate
Change3413-416 DOI:10.1038/nclimatel1767

Bossuyt J. 2013. Overview of the Decentralisation Process in Latin America: Main
achievements, trends and future challenges. European Centre for Development Policy
Management. Discussion Paper No. 148. Available from:
http://ww.eulacfoundation.org/sites/eulacfoundation.org/files/pdf/OVERVIEW%200
F%20THE%20DECENTRALISATION%20PROCESS%20IN%20LA.pdf [viewed
26/06/2015]

Bulkeley H, Betsill MM. 2013. Revisiting the urban politics of climate change.
Environmental Politics22(1) 136-154

Castan Broto V, Bulkeley H. 2013. A survey of urban climate change experiments in 100
cities. Global Environmental Chandg(1) 92-102



http://dx.doi.org/10.2139/ssrn.2199511

Castleton HF, Stovin V, Beck SBM, Davison JB. 2010. Green roofs; building energy savings
and the potential for retrofit. Energy and Building®(10) 1582-1591 DOI:
10.1016/j.enbuild.2010.05.004

Creutzig F, He D. 2009. Climate change mitigation and co-benefits of feasible transport
demand policies in Beijing. Transportation Research Part D: Transport and
Environment14 120-131 DOI:10.1016/j.trd.2008.11.007

Colenbrander S, Gouldson A, Sudmant AH, Papargyropoulou E. 2015a.The economic case
for low-carbon development in rapidly growing developing world cities: a case study
of Palembang, Indonesia. Energy Pol&g. 24-35 DOI:
doi:10.1016/j.enpol.2015.01.020

Colenbrander S, Gouldson A, Sudmant AH, Papargyropoulou E, Chau LW, Ho CS. 2015b.
Exploring the economic case for early investment in climate change mitigation in
middle-income countries: a case study of Johor Bahru, Malaysia. Climate and
Development1(14 ) DOI: 10.1080/17565529.2015.1040367

Colenbrander S, Gouldson A, Roy J, Kerr N, Sarkar S, Hall S, Sudmant A, Ghatak A,
Chakravarty D, Ganguly D, McAnulla F. 2016. Can low-carbon urban development
be pro-poor? The case of Kolkata, India. Environment and Urbanization. In press.
DOI: 10.1177/0956247816677775

Cragg MI, Zhou Y, Gurney K, Kahn ME. 2013. Carbon geography: the political economy of
congressional support for legislation intended to mitigation greenhouseogastmn.
Economic Inquiry51(2) 1640-1650 DOI: 10.1111/j.1465-7295.2012.00462.x

Dauvergne P. 2010. The problem of consumption. Global Environmental Politics. 10(2) 1-10

Davis SJ, Caldeira K, MatthewtD (2010). Future CO2 Emissions and Climate Change from
Existing Energy Infrastructure. Scien829, 13306-1333.

den Elzen, M., Fekete, H., HOohne, N., Admiraal, A., Forsell, N., Hof, A. F., ... & van Soest,
H. (2016). Greenhouse gas emissions from current and enhanced policies of China
until 2030: Can emissions peak before 20307?. Energy Policy, 89, 224-236.

Dimitrov RS. The Paris Agreement on climate change: behind closed doors. Global
Environmental Politics16(3) 1-11

EIA. 2014. Brazil. Energy Information Agency. Available from
<http://www.eia.gov/countries/cab.cfm?fips=friewed 18/08/2014]

EPE. 2009. Balanco Energético Nacional 2009. Empresa de Pesquisa Energética, Ministério
de Minas e Energia. Available from
<https://ben.epe.gov.br/downloads/Relatorio_Final BEN 2009.pdf> [viewed
12/08/2014]

EPE. 2011. Anuario estatistico de energia elétrica 2011. Empresa de Pesquisa Energética,
Ministério de Minas e Energia. Available from
<http://www.epe.gov.br/AnuarioEstatisticodeEnergiaEletrica/20111213 1.pdf>
[viewed 12/08/2014]

EPE. 2013a. Anuario estatistico de energia elétrica 2013. Empresa de Pesquisa Energética,
Ministério de Minas e Energia. Available from
<http://www.epe.gov.br/AnuarioEstatisticodeEnergiaEletrica/20130909_1.pdf>
[viewed 12/08/2014]

EPE. 2013b. Balanco Energético Nacional 2013. Empresa de Pesquisa Energética, Ministério
de Minas e Energia. Available from
<https://ben.epe.gov.br/downloads/Relatorio_Final_BEN_2013.pdf> [viewed
12/08/2014]

Evans L, Maio GR, Corner A, Hodgetts CJ, Ahmed S, Hahn U. 2013. Self-interest and pro-
environmental behavior. Nature Climate Chargyg22-125
DOI:10/1038/nclimate1662

Fiinfgeld H. 2015. Facilitating local climate change adaptation through transnational
municipal networks. Current Opinion in Environmental Sustainability. 12 67-73
DOTI: 10.1016/j.cosust.2014.10.011

Fuzzi S, Baltensperger U, Carslaw K, Decesari S, Denier Van Der Gon H, Facchini MC,
Fowler D, Koren I, Langford B, Lohmann U, Nemitz E. 2015. Particulate matter, air



guality and climate: lessons learned and future needs. Atmospheric Chemistry and
Physics15 8217-8299

Gifford R, Kormaos C, Mcintyre A. 2011. Behavioral dimensions of climate change: drivers,
responses, barriers and interventions. Wiley Interdisciplinary Reviews:t€lima
Change2(6) 801-827 DOI: 10.1002/wcc.143

Gillingham K, Rapson D, Wagner G. 2016. The rebound effect and energy efficiency policy.
Review of Environmental Economics and Policy. Forthcoming.

DOI: 10.1093/reep/rev0l7

Goulder LH, Pary IWH. 2008. Instrument choice in environmental policy. Review of
Environmental Economics and Poli&2) 152-174

Gouldson A, Kerr N, Millward-Hopkins J, Freeman M, Topi C and Sullivan R. 2015a
Innovative financing models for low carbon transitions: Exploring the case for
revolving funds. Energy Policg6 739-748 DOI: 10.1016/j.enpol.2015.08.012

Gouldson A, Colenbrander S, Sudmant A, McAnulla F, Kerr N, Sakai P, Hall S,
Papargyropoulou E, Kuylenstierna J. 2015. Exploring the economic case for climate
action in cities. Global Environmental Change35 93-105 DOI:
10.1016/j.gloenvcha.2015.07.009

Grubb M. 2014. Planetary Economics: Energy, climate change and the three domains of
sustainable development. Earthscan. New York.

Guan, D., Shan, Y., Liu, Z., & He, K. (2016). Performance Assessment and Outlook of
China’s Emission-Trading Scheme. Engineering, 2(4), 398-401.

Guo J, Hepburn CJ, Tol RSJ, Anthoff D. 2006. Discounting and the social cost of carbon: a
closer look at uncertainty. Environmental Science and P &{8y.205-216

Harries T, Penning-Rowsell E. 2011. Victim pressure, institutional inertia and clieige
adaptation: The case of flood risk. Global Environmental Chaig€) 188-197
DOI:10.1016/j.gloenvcha.2010.09.002

Heal GM, Millner A. 2014 Agreeing to disagree on climate policy. Proceedings of the
National Academy of Sciences of the United States of Ameti{10) 3695-3698
doi:10.1073/pnas.1315987111

Heiskanen E, Johnson M, Robinson S, Vadovics E, Saastamoinen M. 2010. Low-carbon
communities as a context for individual behavioural change. Energy Policy [Carbon
Reduction at Community Scale§8(12) 7586-7595 DOI: 10.106/j.enpol.2009.07.002

Hope C. 2008. Discount rates, equity weights and the social cost of carbon. Energy
Economics30(3) 1011-1019

Howarth RB, Gerst MD, Borsuk ME. 2014. Risk mitigation and the social cost of carbon.
Global Environmental Chang24 123-131DO0OI10.1016/j.gloenvcha.2013.11.012

Hussein S, El-Khattam W, Abdel-Rahman M. 2011. Investment requirements for Africa to
lead in renewable energy production and distribution. In: T. Simelane, M. Abdel-
Rahman (Eds) Energy Transition in Africa. Africa Institute of South Africa. South
Africa. pp 123-129

IBGE. 2014. Estimativas da Populacédo Residente no Brazil e Unidades da Federacdo com
Data de Referéncia em 1 de Julho de 2014. Instituto Brasileiro de Geografia e
Estatistica. Rio de Janeiro. Available from:
ftp://ftp.ibge.gov.br/Estimativas_de_Populacao/Estimativas_2014/estimativa_dou_20
14.pdf [viewed 05/05/2015]

ICLEI. 2014. Célculos demonstrativos parciais do Inventario Municipal de Emissdes de
Gases de Efeito Estufa do Recife. Local Governments for Sustainability and Recife
Prefeitura da Cidade.

ICLEI. 2015. UrbanLEDS: Recife. Local Governments for Sustainability. Available from:
http://urbanleds.iclei.org/index.php?id=234 [viewed 05/05/2015]

IEA 2013. World Energy Outlook 2012, International Energy Agency, Paris.

IEA, 2016. World Energy Outlook 2016. International Energy Agency. Paris, France.

IPCC. 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups |, Il
and Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate



Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva,
Switzerland, 151 pp.

Jacobs, M. 2012. Climate policy: Deadline 2015. Nat8#(7380) 137-138
DOI:10.1038/481137a

Jenkins JD. 2014. Political economy constraints on carbon pricing policies: What are the
implications for economic efficiency, environmental efficacy, and climate policy
design? Energy Policg9 467-477D0I:10.1016/j.enpol.2014.02.003

Junghans L, Dorsch L. 2016. Finding the Finance: Financing Climate Compatible
Development in Cities. Germanwatch. Bonn, Germany.

Kesicki F, Ekins P. 2012. Marginal abatement cost curves: a call for caution. Climate Poli
12(2) 219-236D0OI: 10.1080/14693062.2011.582347

Lee T, Koski C. 2014. Mitigating global warming in global cities: comparing participation
and climate change policies of C40 Cities. Journal of Comparative Policy Analysis:
Research and Practice. 16(5) 475-492 DOI: 10.1080/13876988.2014.910938

Litman T. 2014. A New Transit Safety Narrative. Journal of Public Transportation. 17(4)
121-142

Ludeia C, Netto M. 2011. Mitigation and Adaptation to Climate Change: Theoretical
[framework for the elaboration of IDB'’s strategy in Brazil. Inter-American
Development Bank. TECHNICAL NOTE No. IDBN-622. Available from:
http://idbdocs.iadb.org/wsdocs/getdocument.aspx?docnum=38565716 [retrieved
11/09/2015]

Markandya A, Armstrong BG, Hales S, Chiabai A, Criqui P, Mima S, Tonne C, Wilkinson P.
2009. Public health benefits of strategies to reduce greenhouse-gas emissions: low-
carbon electricity generation. The Lan&%4(9706)2006-2015,

Meah K, Ula S, Barrett S. 2008. Solar photovoltaic water pumpigportunities and
challenges. Renewable and Sustainable Energy Revig{3.1162-1175
DOI:10.1016/j.rser.2006.10.020

Millward-Hopkins JT. 2016. Natural capital, unnatural markets? Wiley Interdisaipli
Reviews: Climate Changé(1l) 13-22 DOI:10.1002/wcc.370

Millward-Hopkins J, Gouldson A, Scott K, Barrett J, Sudmant A. Uncovering blind spots in
urban carbon management: the role of consumption-based carbon accounting in
Bristol, UK. Regional Environmental Change, 1-12.

Mondal MAH, Kamp LM, Pachova NI. 2010. Drivers, barriers, and strategies for
implementation of renewable energy technologies in rural areas in Banglaflash
innovation system analysis. Energy Poli8§(8) 4626-4634
DOI10.1016/j.enpol.2010.04.018

Moxnes E. 2014. Discounting, climate and sustainability. Ecological Economics
[Methodological and Ideological Optiong]02 158-166
doi:10.1016/j.ecolecon.2014.04.003

Muller DB, Liu G, Lavik AN, Modaresi R, Pauliuk S, Steinhoff FS, Brattebg H (2013).
Carbon Emissions of Infrastructure Development. Environmental Science &
Technology47 11739-11746.

Nordhaus WD. 2007. A review of the Stern Review on the Economics of Climate Change.
Journal of Economic Literaturé5(3) 686-702

OECD. 2015. OECD.Stat: Greenhouse Gas Emissions: Total GHG per capita. Available from
<https://stats.oecd.org/Index.aspx?DataSetCode=AIR_GHG> [retrieved 22/10/2015]

Pizer W, Adler M, Aldy J, Anthoff D, Cropper M, Gillingham K, Greenstone M, Murray B,
Newell R, Richels R, Rowell A, Waldhoff S, Wiener J. 2014. Using and improving
the social cost of carbon. Scien8d6(6214) 1189-1190
doi: 10.1126/science.1259774

RamseyrP.1928. A mathematical theory of saving. Economic JouB8§152) 543-559

Recife.com. 2015. Recife, Brazil: City Info: Geography. Recife.com Available from:
http://www.recife.com/v/igeography/ [viewed 07/05/2105]



Rickards L, Wiseman J, Kashima Y. 2014. Barriers to effective climate change mitigation:
the case of senior government and business decision makers. Wiley Interdisciplinary
Reviews: Climate Changg(6) 753-773 DOI: 10.1002/wcc.305

Romero-Lankao P. 2011. Governing carbon and climate in the cities: An overview of policy
and planning challenges and options. European Planning S@{iEs7-26

Sandel M. 2012What Money Can’t Buy: The Moral Limits of the Market. Farrar, Straus and
Giroux. New York.

Sarkar A, Singh J. 2010. Financing energy efficiency in developing countdesons
learned and remaining challenges. Energy Policy [The socio-economic transition
towards a hydrogen economyindings from European researcBR(10) 5560-5571
DOI:10.1016/j.enpol.2010.05/001

Satterthwaite D. 2008. Cities’ contribution to global warming: notes on the allocation of
greenhouse gas emissions. Environment and Urbaniza@t) 539-549. DOI:
10.1177/0956247808096127

Schmidt TS. 2014. Low-carbon investment risks and de-risking, Nature Climate Change.
237-239. DOI: 0.1038/nclimate2112

Semenza JC, Hall DE, Wilson DJ, Bontempo BD, Sailor DJ, George LA. 2008. Public
perception of climate change: voluntary mitigation and barriers to behavior change.
American Journal of Preventative Medicine [Climate Change and the Health of the
Public]. 35(5) 479-487D0I:10.1016/j.amepre.2008.08.020

Seto KC, Dhakal S, Bigio A, Blanco H, Delga@¢, Dewar D, Huang L, Inaba A, Kansal A,
Lwasa S, McMahodE, Muller DB, Murakami J, Nagendra H, Ramaswami2014:
“Human Settlements, Infrastructure and Spatial PlariningClimate Change 2014:
Mitigation of Climate Change. Contribution of Working Group lll to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change [Edenhofer O,
Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, Seyboth K, Adler A, Baum I,
Brunner S, Eickemeier P, Kriemann B, Savolainen J, Schlémer S, von Stechow C
Zwickel T, Minx JC (eds.)]. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA.

Simalenga T. 2011. Human capital requirements for sustainable renewable energy production.
In: T. Simelane, M. Abdel-Rahman (Eds) Energy Transition in Africa. Africa
Institute of South Africa. South Africa. pp 101-122

Stern N. 2006. The Economics of Climate Change: The Stern Review. Cambridge University
Press. Cambridge, UK

Swilling M, Robinson B, Marvin S, Hodson M. 2013. City-level decoupling: urban resource
flows and the governance of infrastructure transitions. A report of the working group
on cities of the international resource panel. United Nations Environment Programme.

Tolmasquim MT. 2012. The energy sector in Brazil: policy and perspectives. Estudos
Avancados. 26 (74) 249-260

Urge-Vorsatz D, Tirado Herrero S. 2012. Building synergies between climate change
mitigation and energy poverty alleviatidanergy Policy.49 83-90.
http://dx.doi.org/10.1016/j.enpol.2011.11.093

van den Bergh JCJM. 2011. Energy conservation more effective with rebound policy.
Environmental and Resource Economi&1) 43-58

van den Bergh JCJM, Botzen WJW. 2015. Monetary valuation of the social cost of CO2
emissions: A critical survey. Ecological Economits4 33-46
DOI:10.1016/j.ecolecon.2015.03.015Vogt-Schilb A, Hallegatte S. 2014. Marginal
abatement cost curves and the optimal timing of mitigation measures. Energy Policy.
66 645-653 DOI:10.1016/j.enpol.2013.11.045

WangQ, Li R. 2015. Cheaper oil: A turning poiint Paris climate talk? Renewable and
Sustainable Energy Revievs2 1186-1192

World Bank. 2017a. BraziWashington, DC. Available from
<http://data.worldbank.org/country/brazil> [viewed (22017]

World Bank. 2017bUrban Population (% of total) Available from
<http://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS> [viewedD22017]



World Bank. 2015. Inflation, consumer prices (annual %). Available from <
http://data.worldbank.org/indicator/FP.CPL.TOTL.ZG> [viewed 26/06/2015]

WRI, CAIT. 2014. Climate Analysis Indicators Tool: WRI’s Climate Data Explorer.
Washington, DC: World Resources Institute. Available at: http://cait2.wri.org.

Yepez-Garcia R, Johnson MT, Andrés LA. 2010. Meeting the electricity supply/demand
balance in Latin America & the Caribbean. The World Bank. Washington, DC.



