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Foreword

The health and economic crises reveal the limitations of current growth systems. Our
unbalanced relationship with the environment exposes us to zoonotic pandemics such as
COVID-19. Meanwhile, the deficit of social development means that the same households
that face the greatest economic difficulties also suffer the most from environmental crises like
the pandemic. Today in Costa Rica and beyond, the priority is to stop the pandemic, alleviate
its social impact, and reactivate the engines of the economy.

We cannot go back to the old normal. This crisis has provided a glimpse of what the
impacts of the climate crisis will bring if we do not change the development paradigm. We
must move towards a sustainable recovery that creates jobs and fosters growth, but also increases
inclusiveness and resilience, reduces greenhouse gas emissions, and protects our ecosystems.

The green, blue, and orange economy is the path out of this crisis. Environmental sus-
tainability can bring social and economic benefits. The study you are holding shows that
implementing the National Decarbonization Plan will bring USD 41 billion in net benefits to
the Costa Rican economy between 2020 and 2050. Rural territories could benefit the most.
Improving agricultural yields and the ecosystem services provided by forests, such as support to
tourism, have immense value. They are worth far more than the investments needed to reduce
emissions from agriculture and livestock and the opportunity cost of land dedicated to forests
instead of crops or grazelands.

The benefits of decarbonization in cities also outweigh the costs. Energy savings, reduced
accidents, and improved competitiveness linked to less traffic congestion and lowering the
economic health impacts of air pollution easily offset the initially higher costs of switching to
electric vehicles and building infrastructure to modernize public transport. Efficiency gains in
industry and the economic value of recycled materials are other benefits of decarbonization.
The National Decarbonization Plan is not an economic sacrifice for Costa Rica. On the con-
trary, well executed, it can be beneficial for everyone.

Costa Rica’s history shows that green growth is possible. Thirty years of conserving eco-
systems and restoration efforts clearly show this. Beyond reversing deforestation and drasti-
cally reducing its emissions, the country managed to create new business models for farmers
with high-quality crops in premium niches and to make Costa Rica the ecotourism destina-
tion it has become. Going forward, the transition towards an economy with net-zero emis-
sions has to be led by the productive sectors, companies and civil society, with the support of
the government. Our work with the Inter-American Development Bank offers lessons on how
to facilitate the participatory design of carbon-neutral development strategies. We started by
building models with the University of Costa Rica that allowed us to quantify the visions of
the different sectors in a common framework, taking advantage of the experience of RAND
Corporation analysts—chosen among the best internationally. This effort makes it easier for
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public policies to benefit both from academic science and from the knowledge that actors in
each sector bring to the table.

This cost-benefit analysis was informed by information provided by actors from the
energy, transportation, buildings, industry, waste, agriculture and livestock, and forestry sec-
tors. Without letting the pandemic get in the way, they used virtual workshops to discuss the
development objectives, beyond reducing emissions, that the Plan must include. Thanks to
them, our teams have been able to quantify the effects that the Plan can create on issues such
as air pollution and congestion in cities, ecosystem services provided by natural systems, pro-
ductivity of agricultural systems, and fossil fuel imports.

The year 2020 has presented us with major challenges, and the years to come will be
complex and difficult to navigate. Decarbonization offers an opportunity to think of a more
prosperous, sustainable, and cleaner future in greater harmony with nature. But this future
cannot be imposed from above: It must be built by each worker, community, company, and
government entity. The work presented here contributes ideas and examples of how govern-
ments and international donors can facilitate this process.

Carlos Alvarado Quesada Andrea Meza Murillo
President of the Republic of Costa Rica Minister of Environment and Energy
of Costa Rica

{/ @ K 2




Preface

Costa Rica is one of the few countries with an absolute and unconditional reduction target for
greenhouse gas (GHG) emissions. The National Decarbonization Plan (NDP; Descarbonic-
emos Costa Rica Compromiso Pais 2018—2050 in Spanish), published in 2019 by the govern-
ment of Costa Rica (Costa Rica Gobierno del Bicentenario 2018—2022 in Spanish), sets the goal
of becoming carbon-neutral by 2050, with Costa Rica’s local emissions being equivalent to
the local sequestration provided by forests and other carbon sinks. The NDP proposes a set of
actions organized around ten “lines” that represent the main economic and infrastructure sec-
tors of Costa Rica’s economy. Reducing emissions across all sectors will require up-front invest-
ments, but these investments are consistent with Costa Rica’s economic development strategy
and will provide significant benefits to society. This report is intended to inform Costa Rican
policymakers and other stakeholders about the benefits and costs of the NDP, relevant trade-
offs in its implementation, and opportunities for making it a more robust plan.

In this study, we estimated the benefits and costs of the NDP under uncertainty to help
Costa Rica refine and implement its decarbonization plan. The study built on a collabora-
tion between the University of Costa Rica’s Electric Power and Energy Research Laboratory
(EPERLab), the RAND Corporation, the Costa Rica Climate Change Directorate, and the
Inter-American Development Bank (IDB). It was funded by the Inter-American Develop-
ment Bank’s (IDB)’s French Climate Fund (RG-T3193) and Sustainable Energy and Climate
Change Initiative (RG-T2713). This work is based on, and extends, a study funded by the
IDB’s Economic and Sector Work Program (RG-K1447) in 2019 that evaluated the benefits
and costs of the decarbonization of just the transport sector, which will be published in an
academic journal.

The model developed for this study will be further improved in future projects by includ-
ing detailed models of the land and water sector currently being developed by the University
of Costa Rica and used to support Costa Rica’s update to its Nationally Determined Contri-
bution (NDC). This study is part of a series of economic analyses of the NDP that the IDB
is performing. Other forthcoming studies include an analysis of options to align Costa Rica’s
fiscal strategy with the decarbonization objectives, an evaluation of options to fund a scaled-
up payment for ecosystem services, and the design of an investment program to implement the
decarbonization plan. Lastly, this study provides an example that is valuable for other countries
and development institutions interested in analyzing decarbonization strategies.

About RAND Social and Economic Well-Being
RAND Social and Economic Well-Being is a division of the RAND Corporation that seeks to

actively improve the health and social and economic well-being of populations and communi-
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ties throughout the world. This research was conducted in the Community Health and Envi-
ronmental Policy Program within RAND Social and Economic Well-Being. The program
focuses on such topics as infrastructure, science and technology, community design, commu-
nity health promotion, migration and population dynamics, transportation, energy, and cli-
mate and the environment, as well as other policy concerns that are influenced by the natural
and built environment, technology, and community organizations and institutions that affect
well-being. For more information, email chep@rand.org.

About University of Costa Rica EPERLab

The Electric Power and Energy Research Laboratory (EPERLab) of the School of Electri-
cal Engineering at the University of Costa Rica develops planning tools related to the nexus
between climate, land, energy, and water, and executes cutting-edge research related to their
linkage with society. It seeks to provide practical and innovative solutions to academic and
non-academic sectors bringing multi- and trans-disciplinary teams working together and cre-
ating alliances with public and private sectors to create and provide robust and rigorous knowl-
edge to different audiences. Since its foundation in 2013, EPERLab has collaborated with
government ministries providing technical support in the design of policies. For more informa-
tion, email eperlab.eie@ucr.ac.cr.

About Costa Rica’s Climate Change Directorate

The Climate Change Directorate of Costa Rica is an office of the Ministry for Energy and
the Environment (Ministerio de Ambiente y Energia) responsible for the articulation of public
policy on climate change in the country. Since its creation in 2010, it has worked with civil
society, the private sector, academia, and other parts of the public sector to decarbonize Costa
Rica’s economy and increase the resiliency of its social and economic sector.

About the Inter-American Development Bank

The Inter-American Development Bank is a leading source of long-term financing for eco-
nomic, social, and institutional projects in Latin America and the Caribbean. Besides loans,
grants, and guarantees, the IDB conducts cutting-edge research to offer innovative and sus-
tainable solutions to the region’s most pressing challenges. Founded in 1959 to help accelerate
progress in its developing member countries, the IDB continues to work every day to improve
lives. The opinions expressed in this publication are those of the authors and do not necessar-
ily reflect the views of the Inter-American Development Bank, its board of directors, or the
countries they represent.
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Summary

Costa Rica has taken a leadership role in global decarbonization through its ambitious National
Decarbonization Plan (NDP), which aims to achieve net-zero greenhouse gas (GHG) emis-
sions by 2050 (Government of Costa Rica, 2019b). Indeed, virtually all countries in the world
have ratified the Paris Agreement, with the overall goal to stabilize the increase in global
temperature at well below 2°C, and as close to 1.5°C as possible (United Nations, 2015). This
ambitious goal requires countries to make plans to reach net-zero emissions of carbon diox-
ide (CO2) by 2050 and to drastically reduce emissions of other GHGs before the end of the
century (Inter-American Development Bank [IDB] and Deep Decarbonization Pathways for
Latin America and the Caribbean, 2019). Reducing emissions of CO?2 is particularly impor-
tant, as it is the main GHG and has a long lifetime: Once emitted, CO2 can stay in the atmo-
sphere for centuries (Intergovernmental Panel on Climate Change, 2018).

The NDP lays out broad sector targets and actions to decarbonize across ten lines of
action.! At the heart of this strategy are

1. taking further advantage of the significant natural resources available to Costa Rica,
specifically its renewable hydro, solar, and wind resources, which can potentially pro-
vide clean electricity to all sectors of the economy

2. improving efficiency and access to public transportation

3. preserving and enhancing the carbon sequestration capabilities of Costa Rica’s rich
forest resources

4. improving processes to reduce energy use and carbon intensity in buildings, industry,
agriculture, and livestock

5. collecting, treating, and reusing liquid and solid waste.

To facilitate these changes, the NDP lays out a wide range of policy and institutional reforms.

A bit more than a year after the NDP was published, the COVID-19 pandemic hit,
imposing harsh socioeconomic impacts on Costa Rican households and business. The imme-
diate priority for the Costa Rican government is stopping the health crisis, attending its social
impacts, and restarting the economy. The good news is that there are opportunities to recover
in a way that addresses many of the pre-COVID-19 social, environmental, political, and eco-
nomic challenges in Costa Rica. Many of the strategies for decarbonization, if implemented
well and soon, could address socioeconomic inequities (Saget, Vogt-Schilb, and Luu, 2020).
For example, improving mobility through an upgraded public transportation system, improv-

1 Tn Costa Rica, decarbonization and net-zero emissions means that all GHG emissions (not just CO2) do not exceed the

natural sequestration from forests.
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ing health and environmental conditions through the reduction in use of polluting fossil fuels
or untreated wastewater, and increasing employment in rural areas through decarbonization
efforts in the land-use sector can increase the sustainability and equity of Costa Rica’s econ-
omy. More than ever, it is imperative to better understand the benefits and costs associated
with decarbonization in order to ensure its alignment with critically needed economic recovery
and development.

In this study, we applied a novel methodology for planning under deep uncertainty
to evaluate whether the implementation of the NDP makes economic sense for Costa Rica
beyond meeting its international commitments—meaning that the benefits exceed the costs
for the country. If this is the case, then the NDP is worthy of collective action.

To design the analysis, we consulted with national stakeholders representing more than
50 of Costa Rica’s government agencies, industries, and nongovernmental organizations to
understand better how decarbonization interacts with sectoral development objectives. We
built a new sector-integrated quantitative model that jointly considers the transport, electricity,
buildings, industry, waste, agriculture, livestock, and forest sectors to estimate GHG emissions
under conditions with no decarbonization efforts and with the implementation of the NDP.

The modeling framework estimates the benefits that would accrue to Costa Rica as
a nation and the associated costs of implementing the NDP. We did not look in detail at
which costs and benefits accrue to a particular household, income group, firm, or government
agency; instead, we focused on the aggregate impact. We also did not assess what specific
policy instruments or institutional changes would be required to implement the NDP; instead,
we assessed directly the impact of the sectoral transformation listed in the NDP (see Table S.1).
For instance, the NDP contemplates that mobility in the future should rely more on public
transport and that buses should run on electricity or other zero-carbon technologies. We did
not assume or predict anything with respect to business models for electric buses or impacts
on rates paid by passengers. We do show that Costa Rica as a nation can benefit from energy
savings and fewer congestion and accidents if it implements these changes. This justifies the
importance of pursuing these targets and highlights the relevance of designing business models
that would lead to the uptake of zero-emissions buses while sharing economic benefits between
bus companies, users, and the government.

To account for uncertainty, we used Robust Decision Making (RDM; Lempert, Popper,
and Bankes, 2003; Groves and Lempert, 2007; Lempert, 2019), which guides the evaluation
and analysis of thousands of plausible futures to explore the risks and opportunities associated
with decarbonization. As part of this process, we developed and used an interactive tool to sup-
port discussions with national stakeholders over assumptions and findings with stakeholders.

2 Groves et al., “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. This interactive tool can

be accessed at https://www.rand.org/pubs/research_reports/RRA633-1/visualization.heml.



Table S.1

Summary

Representative Decarbonization Actions in Costa Rica’s National Decarbonization Plan

Electrification of public and private fleet

Restore and protect coastal and rural areas

) e Conversion of freight transport away from diesel
. . e Increased reliance on public transportation and ride sharing
00— Public, private, over private vehicles
and freight ¢ Deployment of electric train for passengers in the Greater
transportation Metropolitan Area
e Stabilized motorcycle fleet by 2025, and plan to decarbonize
00— e Infrastructure for electricity charging and hydrogen refueling
e Electric trains for freight and passengers
Electricit Reach and maintain 100% renewable electricity generation
system y Upgrade transmission and distribution systems to support
Y electrification of the economy
— e Electrification and increased energy efficiency
-—jee Buildings e Adoption of low emissions building technologies and
— : : practices
—
e Process improvements to reduce energy use
e Electrification of processes
Industry e Process improvements to reduce emissions
e Increased efficiency of use and reduction in emissions from
industrial products
~J Waste * Increase recycling and composting
t (J management e Complete sanitation and sewer system coverage
% i gE Agriculture e Reduce emissions through improved agricultural practices
Livestock e Reduce emissions through improved rangeland and manure
management
m Forestry e Maintain and increase forests

XV
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Benefits and Costs of Decarbonization Under Baseline Assumptions

Our analysis suggests that, under baseline assumptions, implementing the NDP would lead
to net-zero GHG emissions by 2050 and provide about $41 billion of net benefits across the
economy from 2020 to 2050, discounted back to 2015 at a rate of 5 percent per year.? It would
save or otherwise provide $78 billion in benefits, and it would cost about $37 billion. There
is significant uncertainty around these estimates, but the analysis shows that under the vast
majority of plausible assumptions about the future, the NDP would achieve or nearly achieve
its emissions reduction goals and do so at a net economic benefit.

Without a concerted focus and investment in decarbonization, net GHG emissions from
Costa Rica could increase from about 12 megatons of carbon dioxide equivalent (MtCO2e)
today to almost 19 MtCO2e by 2050. Bending this trajectory downward in order to reach net-
zero emissions by 2050 will require a substantial transformation in how the economy is pow-
ered and how natural resources are used and preserved. By design, if Costa Rica successfully
implements its NDP, zero net emissions would be achieved by 2050 (Figure S.1). Under base-
line assumptions, the largest reductions in net emissions would occur in the transport sector,
which would see a 7.4 MtCO2e reduction by 2050. Significant reduction would also occur in
the agricultural, livestock, and forestry sectors: a total of 6 MtCO2e. Reductions in buildings,
industry, and waste account for an additional reduction of 5.4 MtCO2e.

Figure S.1
Costa Rican Greenhouse Gas Emissions, by Sector, over Time, Without Decarbonization (left) and
with the Implementation of the National Decarbonization Plan (right) Under Baseline Assumptions

Without decarbonization National Decarbonization Plan
20
E’ 15 |- B Sectors
S Public and
s — private
v ——— transport
S 10 |- I M Freight
@ I Electricity
e . l . M Buildings
o I l M Industry
S 5 M Waste
()
2 = o= _ H Agriculture,
3 livestock,
< and forestry
g 0 — Net emissions
[C]
2018 2020 2025 2030 2035 2040 2045 2050(2018 2020 2025 2030 2035 2040 2045 2050

Year

NOTE: Emissions from the electricity sector are negligible in Costa Rica under baseline assumptions.

3 All costs are reported in U.S. dollars. Five percent per year is the discount rate suggested by the Central Bank of Costa

Rica and consistent with guidance from Coppola, Fernholz, and Glenday (2014). If net benefits were discounted back to
2020 at 5 percent per year, then they would be $52.2 billion; if they were discounted back to 2020 at 10 percent per year,
then they would be $20.0 billion.
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Under baseline assumptions, fully implementing all lines of action in the NDP would
lead to about $41 billion in net benefits (Figure S.2). The greatest benefits are due to actions
affecting transport, agriculture, livestock, and forestry net emissions. In the agriculture, live-
stock, and forestry sectors, ecosystem services provided by forests, such as renewable forestry
products, water and soil benefits, support for tourism and cultural heritage, and improved
yields are worth much more than the investments required to decarbonize and the forgone
value of land dedicated to forests—providing discounted net benefits of about $22 billion. The
public and private transport sectors together with the freight sector would provide $19 billion
in net benefits under baseline assumptions, since the economic benefits from energy savings,
fewer accidents, time saved from reduced congestion, and the reduced negative impacts of air
pollution on health more than compensate for the initially higher up-front costs of switching
to electric vehicles and building infrastructure for public transport (Godinez-Zamora et al.,
2020).

Efficiency gains in industry, and the economic value of recycled materials and treated
wastewater, result in a small net benefit for the industry and waste sectors: $1.3 billion together.
Figure S.2 shows modest net costs for the electricity and buildings lines of actions. However,
the benefits of cheaper electricity are accounted for under the transport, industry, and build-
ings sectors.

Most of the costs and benefits of the plan are related to the private sector. For instance,
most of the cost of implementing the transport lines of action relate to investments required
by motorists to purchase electric vehicles (authors’ calculations), and the same motorists are
the ones who will benefit from lower energy and maintenance costs over time. Note, however,
that we focused on the costs and benefits of the decarbonization plan at the national level.
The distribution of costs and benefits of the plan over economic actors and over time, and in
particular the NDP’s fiscal cost, can be drastically altered by the choice of policy instruments
to implement it. For instance, if the government subsidizes electric vehicles to incentivize their

Figure 5.2
Discounted Net Benefits from Implementing the National Decarbonization Plan Under Baseline
Assumptions, by Sector
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adoption, this would shift some of the cost from motorists to taxpayers. If the government took
external debt to fund such a rebate, this could shift costs from today’s taxpayers toward future
taxpayers. The same applies to costs associated with decarbonization of buildings and waste.
We did not analyze these distributional issues in this study.

When looking at emissions and net benefits together, we see that a few lines of action
lead to large emissions reductions and significant net benefits—agriculture, forestry, livestock,
and private and public transport (Figure S.3). In these sectors, historical development, while
leading to significant economic benefits, has also led to unintentional economic impacts. For
example, congestion, traffic accidents, and health effects from vehicular pollution currently
lead to significant costs to society (about $5 billion per year; authors’ calculations). The decar-
bonization strategies for the transport sector both would reduce emissions and reduce these
transportation-imposed economic costs. Similarly, land use development in Costa Rica (and
all other countries) has reduced valuable ecosystem services. Improvements in land-use activi-
ties that reduce emissions and increase sequestration, such as improved forest management or
better manure management, also can restore many of these lost ecosystem services.

There is a large potential to reduce GHG emissions in the freight transport, industry, and
waste sectors, and the benefits are of similar scale to the costs. For example, there are signifi-
cant benefits due to improved economic efficiency and the reuse of solid and liquid waste, but
the investments needed to achieve these benefits are also large.

Lastly, the decarbonization actions in the electricity and buildings sectors would lead to
much lower emissions reductions and modest net costs. This is due to the low level of emissions
currently associated with these sectors and, for the case of electricity, our accounting for most
of the benefits of renewable electricity in the transport sector.

Figure S.3
Discounted Net Benefits Versus Discounted Reductions in Emissions from 2020 to 2050, by Sector
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Maximizing the Benefits of Decarbonization Under Uncertainty

Estimating the costs and benefits of a 30-year program of economic transformation is fraught
with uncertainty. There is uncertainty about how the Costa Rican people and economy will
grow and change over the coming decades. There is uncertainty about the availability and
costs of new technologies required to decarbonize. There is uncertainty about the health and
function of Costa Rica’s rich forest resources, which play a key role in CO2 sequestration.
There is also uncertainty in how effective the NDP will be in driving the changes needed to
decarbonize.

We explored emissions and the net benefits of the NDP across a wide range of different
assumptions about the future. Specifically, we repeated our emissions and benefit and cost cal-
culations for 3,003 plausible futures, reflecting different assumptions over 300 uncertainties,
summarized in Table S.2, and 47 additional factors used to estimate the individual benefits
and costs of the NDP. Some of these uncertainties affect the underlying socioeconomic and
technological conditions that drive emissions—driver uncertainties—and some affect the effec-
tiveness of decarbonization actions—decarbonization uncertainties.

We find that, for the vast majority of cases, the NDP would lead to low net emissions,
and do so with positive net benefits (Figure S.4).

Table S.3 summarizes the distribution of emissions reductions, benefits, costs, and net
benefits across the plausible futures. These distributions should not be interpreted probabilis-
tically; instead, they are suggestive of the plausible range of outcomes for each line of action.

To understand what the calculated ranges of emissions and net benefits mean to Costa
Rica decarbonization efforts, we identify the conditions that lead to high emissions or low net
benefits.

In the transport sector, our analysis highlights the risk of unchecked growth of fossil-fuel-
based transportation. Missing NDP targets for fleet electrification, uptake of other zero-carbon
technologies, and modal shift away from private cars would mean booming carbon emissions
and worsening the economic impact of productive time lost in congestion, air pollution, and
accidents. This is especially true in the scenarios with the highest growth in business-as-usual
economic activity and resulting high transportation demand growth. It is thus crucial that the
government develops policies to support public transport, cycling, walking, and zero-carbon
technologies for private, public, and freight transport. This is particularly important if the
evolution of technology costs alone does not provide sufficient incentive for users and firms to
make the switch.

Similarly, our analysis highlights the importance of reducing emissions from livestock
and industrial processes, particularly if future economic growth translates into high levels of
activity in these sectors. Lastly, the success of the NDP emissions reduction rests on assump-
tions about the decarbonization potential of forests. If the carbon released from clearing forests
is greater than we assess now, then the NDP actions, as we model them, may not lead to suf-
ficient sequestration to reach zero-net emissions by 2050.

The good news is that virtually all the plausible futures explored in this study would lead
to large net benefits, although there is considerable uncertainty. Some of this uncertainty can
be reduced through improved data and modeling, some which is currently being undertaken.
Developing more-refined estimates of the various cost and benefit factors would significantly
reduce the uncertainty estimated in this analysis. Some uncertain factors, however, cannot be
resolved now and will need to be monitored. In general, sectors such as transportation and for-
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Table S.2

Key Uncertainties Evaluated in this Study

Sector Driver Uncertainties Decarbonization Uncertainties
All Economic growth rate
Transport Demand for transport (linked to economic ¢ Growth of electric and hydrogen public
growth) transport
Cost of fuels e Growth of electric private and freight
Infrastructure costs for electrification, fuel transport
changes, and modal changes e Growth of hydrogen heavy freight
Technological costs e Growth of share of non-motorized trans-
Elasticities of demand for different modes port and public transport use
of transport
New technology adoption rates
Electricity Cost of new renewables e Development of new renewables to meet
increasing demand
Buildings Population ¢ Household energy use
Household occupancy rates e Percentage of household electrification
Commercial economic activity e Energy use per amount of economic activity
e Percentage of commercial electrification
Industry Cement and other industrial production e Decarbonization rates of cement and other
Decarbonization rates of cement and other industrial products (both a driver and decar-
industrial products bonization uncertainty)
Industrial value added e Energy demand per value
e Efficiency of non-electrical energy use
e Increase in electrification of industrial
activity
Waste Population e Share of waste that is recycled and
Industrial activity composted
Waste per capita and value of industrial e Percentage of sewage treated
production e Methane captured in landfills
Agriculture, Agriculture and livestock value added e Energy efficiency in agriculture and
livestock, and Change in area used for cultivation and livestock
forestry grazing e Amount of electrification of agriculture and

livestock activities

Change in carbon intensity of agricultural
production

Change in carbon emissions from animals
and manure

Deforestation rates

Change in carbon sequestration by wet,
moist, dry, palm, and mangrove forests

estry are expected to contribute large net benefits. If key assumptions in these estimations do
not hold, adjustments to ensure high net benefits may be required. For example, if ecosystem
benefits from improved forestry practices are lower than expected, then seeking more benefits
from other related sectors, such as the agriculture or livestock sectors, may be an important

hedge.
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Discounted Net Benefits and 2050 Greenhouse Gas Emissions Across Range of Plausible Futures,
Classified by Achievement of Net Benefits and Low Emissions
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Table S.3

Changes in Emissions, Benefits, Costs, and Net Benefits from Implementation of the National
Decarbonization Plan, by Line of Action and Total (lowest 25 percent value, base assumption value,

highest 25 percent value)

Change in Emissions
by 2050 Due to

Implementation of the Benefits Costs Net Benefits
Sector NDP (MtCO2e) ($ billion) ($ billion) ($ billion)
Transport -9.4,-74,-4.9 32.2,42.9,51.6 6.7, 23.9, 18.9 15.5, 19.0, 42.2
Electricity 0.0, 0.0, 0.0 0.0, 0.0, 0.0 1.8,0.7,3.5 -3.5,-0.7,-1.8
Buildings -0.6,-0.5,-0.4 1.4,1.8,2.0 19,49, 4.8 -3.1,-0.6, -0.2
Industry -3.0,-2.6, -1.8 3.3,4.2,5.1 2.1,21,34 0.6, 2.0, 2.2
Waste -2.5,-2.3,-2.0 3.0,3.5,3.8 3.9,4.2,49 -1.4,-0.7,-0.6
Agriculture, -6.2,-6.0, -5.6 19.3, 25.2, 25.3 3.2,3.3,4.0 15.9, 21.9, 21.6
livestock, and
forestry
Total -21.2,-18.8, -15.5 62.6, 77.7, 84.5 20.8, 36.8, 36.4 29.8,40.9, 56.8

NOTE: These results do not imply the probabilities of change in emission, benefits, costs, and net benefits.
Instead, they describe the distribution of results across a wide scan of assumptions about future conditions.
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Advancing Decarbonization in Costa Rica and Globally

The findings from this study can play an important role in ensuring that the implementa-
tion of the NDP is robust—meaning that it will achieve its goals in the uncertain future. Our
analysis confirms which lines of action are most critical to the success of the NDP—transport
and forestry—and we identify some key conditions necessary to achieve close to zero net emis-
sions at a large net economic benefit. This study’s findings can be helpful in building support
for the NDP by demonstrating that reducing emissions can also lead to significant net benefits
to Costa Ricans. This can help garner support for the necessary up-front investment and regu-
latory changes. We also developed a new modeling framework that is supporting stakeholder
engagements as Costa Rica updates its Nationally Determined Contribution (NDC) under the
Paris Agreement, scheduled to be completed by December 2020. There are important limi-
tations to this work that could be usefully improved upon in the coming months and years.
While the model of the transportation and electricity sector is quite advanced, the models
developed to represent the other sectors are coarse and should be improved.

Lastly, this work fits into a larger research and policy agenda informing decarbonization
globally. It shows the value of approaching policy analysis in a way that (1) is participatory
and leverages domestic knowledge and analytical capability, (2) translates the lofty net-zero-
emissions-by-2050 goal into specific actions at the sector level and over time, (3) considers
socioeconomic costs and benefits further than the impact of sectoral actions on GHG emis-
sions, and (4) accounts for uncertainty through the evaluation of futures. This study offers
ideas and models that are valuable for other countries interested in decarbonization, and that
can inspire development partners globally.
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CHAPTER ONE

Costa Rica’s Ambitious Plan to Decarbonize by 2050

Costa Rica has taken a leadership role in global decarbonization through its ambitious National
Decarbonization Plan (NDP; Government of Costa Rica, 2019b). Indeed, virtually all coun-
tries in the world have ratified the Paris Agreement, with the overall goal to stabilize the
increase in global temperature at well below 2°C, and as close to 1.5°C as possible (United
Nations, 2015). This ambitious goal requires reaching net-zero emissions of carbon dioxide
(CO2) by 2050, and drastically reducing emissions of other greenhouse gases (GHGs) before
the end of the century.! CO2 plays a special role because it is the atmosphere’s main GHG and
has a long lifetime: Once emitted, it can stay in the atmosphere for centuries (Intergovernmen-
tal Panel on Climate Change, 2018).

Reaching net-zero CO2 emissions means both reducing sources of emissions, such as the
combustion of fossil fuels, and increasing carbon sinks, by, for example, expanding forests,
since trees capture carbon from the atmosphere as they grow. The salient message of climate
research is that as long as the global economy releases more CO2 into the atmosphere than it
removes through carbon sinks, the climate will continue to warm (Intergovernmental Panel
on Climate Change, 2018).

Country and sector experts within the international scientific community have shown
that getting to net-zero carbon emissions by 2050 is technically feasible and can be benefi-
cial with respect to other development goals, including the creation of 15 million net jobs in
Latin America and the Caribbean by 2030 (Saget, Vogt-Schilb, and Luu, 2020). There are
also numerous other benefits that would accrue to Costa Rica in response to decarbonization
efforts, including health benefits from reduced pollution, fuel cost savings from electrification
(Godinez-Zamora et al., 2020), and ecosystem services from preserved and enhanced forests.
Nonetheless, there are challenges on the road to a net-zero carbon emissions economy, includ-
ing planning, regulatory, and political economy barriers. Decarbonization plans have a key
role to play in helping line ministries identify and lift these barriers in consultation with key
stakeholders from the public and private sectors (Inter-American Development Bank and Deep
Decarbonization Pathways for Latin America and the Caribbean, 2019; Cavallo, Powell, and
Serebrisky, 2020).

The Costa Rica NDP lays out broad sector targets and actions to decarbonize across ten
lines of action. At the heart of these strategies are

U Net-zero emissions in this context means that GHG emissions do not exceed sequestration of CO2 by forests.
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1. taking further advantage of the significant natural resources available to Costa Rica,
specifically its renewable hydro, solar, and wind resources, which can potentially pro-
vide clean electricity to all sectors of the economy

2. improving efficiency and access to public transportation

3. preserving and enhancing the carbon sequestration capabilities of Costa Rica’s rich
forest resources

4. improving processes to reduce the energy and carbon intensity of industry, agriculture,
and livestock

5. collecting, treating, and reusing liquid and solid waste.

To facilitate these changes, the NDP lays out a wide-range of policy reforms. Table 1.1 lists
some of the specific actions considered in the NDP across all the sectors included in this study.

For each sector, the NDP presents a long-term vision of the ideal future to reach net-zero
emissions by 2050. It then uses a back-casting approach to define mid-term (2023-2030) tar-
gets for sectoral transformation. Lastly, it uses this as the basis to describe policy options and
updates needed to unlock the transformation.

As Costa Rica focuses on a sustainable post-COVID-19 recovery and moves toward
defining specific actions, including investments and policy changes to implement the NDP,
understanding what is required now and how Costa Rica will benefit in the coming decades is
of paramount importance. There are many benefits to decarbonization beyond meeting inter-
national commitments and avoiding the climate change impacts that otherwise would occur
(Karlsson, Alfredsson, and Westling, 2020). Understanding the balance of these benefits and
costs can help Costa Rica implement a successful decarbonization strategy and make the case,
as appropriate, for up-front investments. Tracing out how the implementation of decarboniza-
tion strategies in the near term can have a compounding impact by 2050 can also help ensure
that today’s investments are consistent with decarbonization objectives and do not “lock in”
technologies or practices that have long lifetimes and are large emitters of carbon (Binsted
et al., 2019; Gonzailez-Mahecha et al., 2019).

To evaluate the benefits and costs of the NDP, we developed a sector-integrated model of
GHG emissions from the present through 2050 for all major sectors of the Costa Rican econ-
omy. The integration of individual sector models is critical, as decarbonization in some sectors
affects other sectors (Bataille et al., 2020). For example, electrification of the transportation
sector increases total electricity demand. While this potentially requires additional investment
in renewable energy capacity—this effect is low in most cases in Costa Rica—electrification
also lowers electricity rates. Lower rates then benefit all sectors that use electricity. Another
important interaction is among the agriculture, livestock, and forestry sectors. While there is a
potential to reduce agriculture and livestock activities through preservation and expansion of
forested areas, other approaches, such as planting trees in grazing lands or agricultural fields,
blur the boundaries between forests, agricultural areas, and livestock to the benefit of all three
sectors (Government of Costa Rica, 2019b).

The integrated model was developed as part of an active collaboration of university
researchers, government officials, and international experts in policy analysis. Over time,
this model can be improved to yield more-refined estimates of emissions and of the benefits
and costs of decarbonization. Co-constructing data, models, and analytic approaches leads to
results that are relevant to Costa Rica decisionmaking and builds ownership and capacity that



Table 1.1

Costa Rica’'s Ambitious Plan to Decarbonize by 2050

Representative Decarbonization Actions in Costa Rica’s National Decarbonization Plan

Electrification of public and private fleet

Restore and protect coastal and rural areas

) e Conversion of freight transport away from diesel
. . e Increased reliance on public transportation and ride sharing
00— Public, private, over private vehicles
and freight ¢ Deployment of electric train for passengers in the Greater
transportation Metropolitan Area
e Stabilized motorcycle fleet by 2025, and plan to decarbonize
00— e Infrastructure for electricity charging and hydrogen refueling
e Electric trains for freight and passengers
Electricit Reach and maintain 100% renewable electricity generation
system y Upgrade transmission and distribution systems to support
Y electrification of the economy
— e Electrification and increased energy efficiency
-—jee Buildings e Adoption of low emissions building technologies and
— : : practices
—
e Process improvements to reduce energy use
e Electrification of processes
Industry e Process improvements to reduce emissions
e Increased efficiency of use and reduction in emissions from
industrial products
~J Waste * Increase recycling and composting
t (J management e Complete sanitation and sewer system coverage
% i gE Agriculture e Reduce emissions through improved agricultural practices
Livestock e Reduce emissions through improved rangeland and manure
management
m Forestry e Maintain and increase forests

3
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can ensure that the quest for decarbonization continues to be informed by the best available
information and analysis.

In this report, we use the sector-integrated model to estimate GHG emissions under con-
ditions with no decarbonization efforts and with the implementation of the NDP, and then
we identify some of the benefits that would accrue to Costa Ricans and roughly estimate the
costs. Estimating the benefits and costs of a 30-year program of economic transformation,
however, is fraught with uncertainty. There is uncertainty about how the Costa Rican people
and economy will grow and change over the coming decades. There is uncertainty about the
availability and costs of new technologies required to decarbonize. There is uncertainty about
the health and function of Costa Rica’s rich forest resources, which play a key role in GHG
sequestration. And how all of this uncertainty will affect implementation of a decarbonization
plan is not knowable.

To assess the impact of such uncertainty, we explore a wide range of plausible futures in
which the NDP will be implemented. This means evaluating thousands of different assump-
tions about the drivers of emissions and decarbonization, as well as factors that describe how
benefits and cost could accrue. We use methods for Decision Making Under Deep Uncertainty
(Marchau et al., 2019) to guide our analysis of how the NDP would play out under these many
plausible futures. In particular, we use Robust Decision Making (RDM; Lempert, Popper, and
Bankes, 2003; Groves and Lempert, 2007; Lempert, 2019) to understand the future conditions
that would lead to successful and less-than-successful outcomes. This can then inform how to
implement the NDP in a manner that ensures its success.

Chapter Two of this report describes the analytic framework and briefly describes how
sectors and the NDP lines of action are modeled. Chapter Three presents estimates of GHG
emissions and the benefits and costs of Costa Rican decarbonization analysis under a single
set of baseline assumptions. Chapter Four shows the results of the uncertainty analysis and
describes several key risks that the current NDP faces in ensuring net-zero emissions by 2050
and providing net benefits to Costa Rica. Chapter Five concludes by highlighting lessons
learned from this analysis and how they can inform implementation of the NDP and the revi-
sion of Costa Rica’s Nationally Determined Contribution (NDC).

A separate volume, available at www.rand.org/t/RRAG633-1, contains the following
appendixes:

* Appendix A. Modeling Details and Sector Benefit and Cost Factors
* Appendix B. Developing Socioeconomic Scenarios

 Appendix C. Transportation Vulnerability Analysis Details

* Appendix D. Stakeholders Organizations.



CHAPTER TWO

Approach for Analyzing the Benefits and Costs of Costa Rica’s
Decarbonization Plan Under Uncertainty

Overview of Approach

In this study, we developed models for estimating the benefits and costs of implementing
Costa Rica’s NDP under many different assumptions about the future. Using a method for
Decision Making Under Deep Uncertainty (Marchau et al., 2019) called Robust Decision
Making (RDM; Lempert, Popper, and Bankes, 2003; Groves and Lempert, 2007; Lempert,
2019), we evaluated the many benefits and costs of decarbonizing Costa Rica’s economy under
uncertainty. RDM has been applied to natural resources planning problems for years (Groves
et al., 2008; Groves et al., 2015; Groves et al., 2019; Molina-Prez et al., 2019) and has been
used to explore global sustainability policies in the academic context (Lempert et al., 2006;
Lempert, 2019). This study represents its first use explicitly to evaluate a national decarboniza-
tion strategy.

We first created two estimates of Costa Rican GHG emissions through 2050 under a
single set of assumptions. The first assumed no concerted effort to decarbonize. We call this
first estimate “without decarbonization.” We then estimated how emissions would change
under one possible approach for implementing the NDP (called “with implementation of the
National Decarbonization Plan”). Next, we roughly estimated the monetary benefits and costs
to provide a high-level assessment of the net benefits of decarbonization to Costa Rica.

We then created thousands of fuzures, each an independent set of assumptions about how
drivers of emissions, benefits, and costs might evolve in the future. We again evaluated how
Costa Rican GHG emissions would evolve without decarbonization and with the implementa-
tion of the NDP, this time for each future. Lastly, we used RDM techniques to identify key
vulnerabilities to the NDP and identify ways to ensure robust implementation.

Learning from Stakeholders

Throughout the study, we met with Costa Rica stakeholders and representatives of various
sectors to provide input regarding key concerns around decarbonization, inform the scoping
of the technical analysis, and review results. Stakeholder organizations consulted are listed in
Appendix D. Specifically, we engaged stakeholders through the following activities:

* Scoping workshops with stakeholders from the transport sector (February 2019)
and additional sectors (July 2019). In this first set of workshops, we first met with
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representatives from the transport sector and then the other sectors to present the study
purpose and approach. We gathered participants’ insights about the important perfor-
mance metrics, including benefits and costs, decarbonization actions to represent in the
study, key uncertainties that could affect the success of the NDP, and available data and
models. This workshop followed a methodology for scoping a long-term policy analysis
introduced by Lempert, Popper, and Bankes (2003). In this approach, a semi-structured
stakeholder discussion identifies key policy objectives as metrics, available decisions or
policy levers, potential future uncertainties, and available data and relationships that can
be used to relate policy actions and uncertain factors into outcomes.

* Analysis review workshops—February 2020. In this second set of workshops, we pre-
sented preliminary analysis of GHG emissions across the sectors with and without the
implementation of the NDP, as well as the approach underway for quantifying benefits
and estimating costs.

* Interactive remote review of modeling assumptions—June 2020. Select stakeholders
were provided a link to an interactive visualization that contained information about the
key assumptions for each sector represented by the NDP.! Written feedback was returned
to us and considered as the final analysis was prepared.

Modeling Future GHG Emissions, Benefits, and Costs

We have developed a new modeling framework to support the iterative evaluation of the NDP
under uncertainty and estimate its benefits and costs. This framework combines previously
developed models of transportation and energy sectors (Godinez-Zamora et al., 2020) with
new aggregated models of other sectors that do not have more detailed models available. These
models are based on recent socioeconomic and emissions data, projections of the drivers of
GHG emissions and emissions factors, and other benefit and cost factors. (Chapter Three lists
the costs and benefits considered for each sector.) The framework is designed to incorporate
new, more detailed models of emissions, benefits, and costs.?

The Costa Rica Integrated Decarbonization Pathways Model (CR-IDPM) evaluates
GHG emissions and the benefits and costs of implementing the NDP across different sectors
and plausible futures. In general, GHG emissions are estimated based on projections of activi-
ties or quantities of emitters/sinks (vehicles, buildings, quantities of waste, land, industrial pro-
cesses) times emissions rates per activity or quantity. For some sectors, emissions rates depend
on the technology used for the activities or some other disaggregation (e.g., electric vehicles
versus gasoline cars, or waste that is composted versus that which is landfilled). Different
trajectories of activities, share of the use of technologies, and emissions rates lead to different
emissions projections. Economic benefits due to additional jobs are not accounted for in this
study, but could be significant.

For the transportation and electricity sectors (lines 1-4), the CR-IDPM incorpo-
rates the detailed Open Source energy Modelling System—Costa Rica (OSeMOSYS-CR)
model, developed and maintained by the Electric Power and Energy Research Laboratory

1 Groves et al., “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. The interactive tool can

be accessed at https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html.

2 All costs are reported in U.S. dollars.
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(EPERLab) at the University of Costa Rica (EPERLab, 2020; Godinez-Zamora et al., 2020).
OSeMOSYS-CR also includes fixed estimates of energy consumption from buildings (line 5)
and industry (line 6), but variation in these estimates were modeled outside OSeMOSYS-
CR, as described below. OSeMOSYS-CR estimates emissions from the transportation and
energy sectors based on demands for transport, specifications of the technologies and fuels
used to meet those demands, emissions factors, and energy demands from other sectors. For
the other sectors—buildings (line 5), industry (line 6), waste (line 7), agriculture (line 8),
livestock (line 9), and forestry (line 10)—CR-IDPM includes Python-based models that proj-
ect emissions, benefits, and costs based on specified activities, applications of technologies or
methods, and emissions rates.

We use a general equilibrium model of the Costa Rican economy—DPlataforma de Mod-
elacion Econémico-Ambiental Integrada (Integrated Economic-Environmental Modeling
[IEEM])—to derive three scenarios of underlying economic activity through 2050 (Banerjee
and Cicowiez, 2020 and 2019; Banerjee et al., 2019).> The IEEM is configured to develop
three projections of economic growth—2, 3.5, and 4 percent per year—that are consistent
with the underlying economic structure of the Costa Rican economy, as captured by its social
accounting matrix. Trade patterns are modeled in IEEM assuming that the corresponding ser-
vices are required in fixed proportions in the value chain. World prices of the products Costa
Rica trades with the rest of the world are treated as exogenous parameters. The IEEM then
produces estimates of transportation demand, industrial production, agricultural production,
and livestock production for each economic scenario (Appendix B). Figure 2.1 provides a sche-
matic of the CR-IDPM.

We calibrated the model factors so that the 2015 sectoral GHG emissions matched the
2015 GHG emissions inventory from the Costa Rica II Informe Bienal De Actualizacion (Gov-
ernment of Costa Rica, 2019a), also known as the BUR. We then developed independent
estimates of how key drivers of GHG emissions could change in the future under “without
decarbonization” conditions. We then evaluated emissions through 2050 across all sectors of
the economy for thousands of plausible futures reflecting uncertainty.

We calculated the benefits of decarbonization by combining results of the emissions cal-
culations along with additional factors derived from the literature. For example, the health
benefits of reducing GHG emissions in the industrial sector are estimated by multiplying
changes in GHG emissions by industrial processes by an estimated factor of how much poten-
tial economic benefit would be achieved through the reduction in pollution in Costa Rica. This
approach has been taken in other Costa Rican assessments of the benefits of pollution reduc-
tion, for example, Alpizar, Piaggio, and Pacay (2017). While these estimates, based on aggre-
gate benefit factors, are coarse and highly uncertain, they provide a rough-order-of-magnitude
estimate that can be compared across sectors and to costs.

For all sectors, we include the benefits that Costa Rica’s emissions reductions have on
reducing climate change effects in Costa Rica, such as warming and increased tropical storms.
This is done by combining the change in emissions under implementation of the NDP with
the social cost of carbon estimates for Costa Rica (Ricke et al., 2018). Note that these benefits

3 The IEEM was provided to the study team by the Central Bank of Costa Rica, through a partnership with Onil

Banerjee of the Inter-American Development Bank.
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Figure 2.1
Modeling Schematic for the Costa Rica Integrated Decarbonization Pathways Model
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are a very small fraction of all the climate change reduction benefits that would accrue if all
countries reduced emissions per the 1.5°C global emissions target.

Costs of implementing the decarbonization actions are estimated by using values from
the literature of the per unit cost (either of production or GHGs) of reducing carbon emis-
sions. For the transport sector, the model uses more detailed costs developed by University of
Costa Rica researchers to track capital costs, fixed annual costs, and variable annual costs for
the technologies used under the “without decarbonization” and “with implementation of the
NDP” conditions (EPERLab, 2020; Godinez-Zamora et al., 2020). For the other sectors, costs
are estimated using several different approaches detailed below. In some cases, the academic lit-
erature provides cost estimates as a function of GHG emissions reductions by a specific sector
activity. In other cases, we draw estimates from Costa Rican sources that are related more
directly to the actions proposed in the NDP. As with the benefits, these estimates are coarse
and highly uncertain.

4 The question of how to monetize the reductions of greenhouse gases emissions is complex. From a global perspective,

the main economic benefit of decarbonization is to stop the climate crisis, which will otherwise have devastating impacts
on economic and social development (Hallegatte et al., 2015). The parties to the Paris Agreement have agreed that main-
taining the global temperature increase to 1.5°~2°C is the appropriate way to contain the costs of climate change on eco-
nomic development. The international advice is to value GHG emissions reductions using carbon prices consistent with the
decarbonization targets that the governments have set—which is often estimated to be around $50 per ton of CO2 in U.S.
dollars (USD) in 2020 (Fay et al., 2015; Stiglitz and Stern 2017; Kaufman et al., 2020). Here, we take a more conservative
approach. Since this study seeks to highlight the cost and benefits of implementing the NDP for Costa Rica, the carbon
price that we used, below $1/tCO?2, reflects an estimate of the benefits of avoiding climate change impacts only in Costa
Rica (Ricke et al., 2018). Even while Costa Rica is exposed to many climate change impacts, such as more intense tropi-
cal storms and sea level rise, it is a small part of the global economy, therefore this value is very small and our estimates
of avoided climate impacts to Costa Rica is negligible with respect to other benefits. At the end, our approach shows that
decarbonizing Costa Rica has many economic benefits, even if we effectively set aside the climate change benefit.
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How COVID-19 Might Affect Costa Rica’s Decarbonization Efforts

The analysis presented here was designed and developed in large part
before the COVID-19 pandemic hit, in February 2019. The socioeconomic
impacts of the pandemic and the decarbonization agenda can interact in
various ways; however, we do not think the pandemic affects our results
dramatically. First, decarbonization is best understood as a back-casting
exercise: It starts from the vision of a decarbonized economy by 2050, and
works backward to identify sectoral pathways to be met in 2030 or 2035
to put the economy on track toward the long-term goal (Fay et al., 2015;
Waisman et al., 2019). While the impacts of the pandemic on economic
activity over the next few years matter dramatically for households,
businesses, and public policy, they do not change significantly the
economic relevance of choosing a carbon-neutral future as opposed to a
carbon-intensive future for 2050—the focus of this study.

Second, the pandemic may affect the preference of Costa Rican
consumers and businesses in ways that facilitate or prevent
decarbonization. For instance telework may become more frequent, but
consumers may become more averse to using crowded public transport
and rely more on private transport. Although the uncertainty analysis
presented below was set up before the pandemics, it is wide enough to
encompass these cases.

Finally, some decarbonization actions can play a key role in short-term
economic reactivation and job-creation efforts (Hepburn et al., 2019).
Investments in public transport infrastructure or public spending to
facilitate reforestation, for instance, have been found to be effective at
creating jobs (Garrett-Peltier, 2017; Saget, Vogt-Schilb, and Luu, 2020).
Investment in public infrastructure and public work programs can also
have multiplier effects in a depressed economy. On the other hand, the
fiscal and financial markets impacts of the pandemic could hamper the
ability of Latin American governments to perform such investments,
depending on the response of the international community (Izquierdo

et al., 2020). Despite their relevance for public policy, the present analysis
does not attempt to quantify these short-term financial, fiscal, and labor
issues. This effort focuses on quantifying the mid- and long-term impacts
of implementing the decarbonization plan on the economic well-being of
Costa Rica and on GHG emissions.

We refer to the assumptions underlying these emissions, benefits, and costs projections
as baseline assumptions. Chapter Three presents results from the model assuming the single
set of baseline assumptions. We provide this single baseline estimate to convey how emissions,
benefits, and costs could evolve for each sector. This estimate should not be interpreted as the
most likely outcome, but rather one that is plausible given known information today. To reflect
uncertainty about future drivers and the achievement of decarbonization actions, we devel-
oped a range of estimates for the model factors and created a large set of plausible futures, as
described below. These futures should not be assumed to be equally likely. However, compar-
ing the modeling results across these futures can provide a reasonable representation of how
Costa Rica’s GHG emissions evolve without and with the NDP. Chapter Four provides emis-
sions, benefits, and cost results under the wide range of futures. Chapter Five describes how
Costa Rica can use this information to inform the implementation of the NDP and the update
of Costa Rica’s NDCs.
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The next subsections in this chapter provide a brief description of how each sector is mod-
eled, the key drivers of emissions, the NDP strategies and their modeling, and which benefits
and costs are accounted for. Appendix A provides overviews for the models and parameters
used to estimate GHG emissions, benefits, and costs for each sector.

— Transport Sector
Th is modeled usi i d-

00—O e transport sector is modeled using an open-source energy system mo

@ eling platform—OSeMOSYS-CR—that was configured to represent the
Costa Rican energy and transport sector by University of Costa Rica research-
oe—0 ers (EPERLab, 2020; Godinez-Zamora et al., 2020). This model evaluates
demands for different modes of transportation (e.g., private or public), the fleet of vehicles with
different fuels and fuel efficiencies, and the corresponding emissions. OSeMOSYS-CR uses
estimates of freight demand from the IEEM to calculate the different kinds of truck fleets and
fuels used to meet this demand. The model also includes the possible implementation of the
electric freight train from Limon to Sarapiqui and the implementation of the electric train for
passengers in the Greater Metropolitan Area. This model does not represent geographic traf-
fic flow patterns; it relies instead on factors that describe average distance traveled over time
for various vehicle classes at the national level. We consulted a range of stakeholders from the
transport sector, who are listed in Appendix D.
The key drivers of transport emissions can be summarized by the following items:

* demand for transportation and elasticities of demand for different modes of transport
* demand for freight transport

* adoption rates of new technologies, such as electric cars

* vehicle kilometers traveled by buses, private vehicles, and different types of trucks

* fuel use by vehicles

* cost of fuels

* infrastructure costs for electrification, fuel changes, and modal changes

* costs of technologies.

Table 2.1 summarizes the key NDP actions for the transport sector and how these actions
are represented in the model.

The OSeMOSYS-CR model evaluates several key benefits of decarbonization in the

transport sector:

* energy savings

* improved productivity from reduced congestion

* reduced medical costs from accidents

* reduced health impacts from pollution

* reduced social cost of carbon emissions, which reflect country-specific climate change
impacts in Costa Rica.

The OSeMOSYS-CR model estimates financial benefits and costs for the transport
sector through a large set of cost parameters reflecting up-front investment costs and changes
in operations and maintenance costs. Additional benefits are estimated by combining benefit
factors derived from other studies with modeled changes in total distance traveled by different
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Table 2.1

Transport Sector National Decarbonization Plan Actions and Model Implementation

Decarbonization Plan Actions

Model Implementation

Electrification of public fleet

Increase electric vehicle imports (and corresponding decrease in
imports of fossil fuel vehicles)

Increased reliance on public
transportation over private vehicles

Increase in public transport use (and a corresponding decrease in pri-
vate transport use)

Increase of non-motorized trips

Reduction of passenger demand
Investments on infrastructure to enable active mobility, such as the
electric train

Electrification of private fleet

Increase electric vehicle imports (and corresponding decrease in
imports of fossil fuel vehicles)

Stabilized motorcycle fleet by 2025,
and plan to decarbonize

Limit growth of motorcycle adoption compared to trends
Increase the penetration of electric motorcycles

Increased ride sharing

Increase occupancy rates of private vehicles

Extensive electric recharge network
and/or hydrogen charging stations

Price of electric light duty vehicles including charge-at-home cost
Additional cost of the distribution system for private vehicle charging
Investments in charging infrastructure for heavy duty vehicles propor-
tional to the level of electrification

Freight transport from diesel to
liquefied petroleum gas (LPG)

Target 20 percent LPG for freight in 2030
LPG is included as an option for freight transport and competes with
electricity and hydrogen technologies for years after 2030

Reduced emissions from freight
transport

Penetration of electric and hydrogen freight vehicles
Introduction of battery electric and fuel-cell hydrogen heavy duty
trucks (semi-trucks) after 2030

Limon's Electric Freight Train

Investment in rail infrastructure and rolling stock

Improved freight logistics

Reduction of freight transport demand in ton-kilometers

vehicle types. For example, implementation of the NDP would lead to reduced accidents as the
distance that private vehicles travel lessens in response to greater use of public transportation.
Table 2.2 summarizes the benefits and costs represented in the analysis. Appendix A provides

details and numerical values.

Table 2.2

Transport Sector Benefits and Costs of Decarbonization Modeled in This Study

Benefits of Decarbonization

Costs of Decarbonization

e Operations and maintenance costs savings due e Change in capital costs of new equipment and

to alternative fuel vehicles and reduced private

transport

(reduced social cost of carbon)

Reduced medical costs from accidents

Improved productivity from reduced congestion
Health savings from reduced emissions

Reduced climate change impacts from emissions

infrastructure, including energy storage (such as
batteries)

e Change in waste streams due to switching from
conventional to alternative vehicles is captured
implicitly in the waste sector
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Electricity Sector
The electricity sector in Costa Rica is currently almost completely renew-
able, based on high levels of installed hydropower and some geothermal, wind,
and solar development. The NDP includes actions to achieve and ensure 100 per-
cent renewable capacity to support electrification of transport and industry. The
electricity sector is modeled using the same model used for the transport sector: OSeMOSYS-
CR. Note that this model does not resolve the geographical components of the electricity
network. Instead, it relies on assumptions about capacities to deliver electricity to the defined
demands in the model. We consulted with a range of stakeholders from the electricity sector,
who are listed in Appendix D.

Electricity demand is estimated for the buildings (residential and commercial), industrial,
and agricultural sectors using the corresponding sector models described below. These demand
estimates are passed to the OSeMOSYS-CR model, which also estimates electricity demand
from the transport sector. OSeMOSYS then determines how much electricity can be satisfied
by renewable sources, reflecting a range of plausible climate change effects, and carbon-based
electricity generation sources. It then estimates the GHG emissions from the carbon-based
electricity generation sources. The representation of the electricity sector through 2034 is con-
sistent with recent generation expansion plan modeling by Costa Rica’s public electricity and
telecommunications company—Instituto Costarricense de Electricidad (ICE). Table 2.3 sum-
marizes the key NDP actions for the electricity sector and how these actions are represented in
the model. Appendix A provides details and numerical values.

The primary objective of the decarbonization actions for the electricity sector is to support
broad-based electrification of the Costa Rican economy using competitively priced, carbon-
free, renewable sources. In addition to supporting emissions reductions through electrifica-
tion, the other main benefit of electrification is the energy cost savings in the sectors in which
additional electricity is used. The OSeMOSYS-CR model estimates the required additional
renewable energy sources (and associated investment costs), and the GHG emissions savings
and fuel cost savings from using these sources instead of existing fossil-fuel based sources, and
generating electricity by non-renewable sources and the costs. The benefits and costs of decar-
bonization actions in the electricity sector are summarized in Table 2.4. Appendix A provides
details and numerical values.

Table 2.3
Electricity Sector Decarbonization Plan Actions and Model Implementation

Decarbonization Plan Actions Model Implementation

e Maintain near 100% renewable supplies e Implement additional investments in wind and solar capacity
¢ Increased capacity to support electrifica- when demand requires
tion of transport and industry

Table 2.4
Electricity Sector Benefits and Costs of Decarbonization Modeled in This Study
Benefits of Decarbonization Costs of Decarbonization
e Reduced fuel costs for electricity generation e Change in capital costs of new equipment and
e Reduced climate change impacts from emissions infrastructure

(reduced social cost of carbon)
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Buildings Sector

The buildings sector model estimates GHG emissions from residential and com-
mercial buildings. Emissions from residential buildings are calculated by com-
bining estimates of the number of households with estimates of per household
energy use rates, percentage of energy use met by electricity, and carbon factors
for non-electricity energy use. Because of the lack of available data, the building sector model
does not track commercial building inventory, thus we use economic activity as a proxy for the
number of commercial buildings. Commercial building emissions are calculated by combin-
ing estimates of commercial economic activity with estimates of energy use rates, percentage
of energy use met by electricity, and per-dollar value-added carbon factors for non-electricity
energy use. Calculated electricity demands for the buildings sector are passed to OSeMOSYS-
CR to estimate total electricity demands. We consulted a range of stakeholders from the build-
ings sector, who are listed in Appendix D. Table 2.5 summarizes the key NDP actions for the
buildings sector and how these actions are represented in the model.

The primary benefits from decarbonization in the buildings sector is the energy cost sav-
ings due to efficiency and electrification. We estimate costs for household and building elec-
tricity retrofits and efficiency (Table 2.6).

Table 2.5
Buildings Sector National Decarbonization Plan Actions and Model Implementation

Decarbonization Plan Actions Model Implementation

Emission reduction through electrification and e Reduced household energy use
energy efficiency ¢ Increased share of electricity use (and corresponding
decrease in use of fossil fuels)

Adoption of low emissions building
technologies and practices

Not included in the study.
Increased use of wood and natural building

materials
Table 2.6
Buildings Sector Benefits and Costs of Decarbonization Modeled in This Study
Benefits of Decarbonization Costs of Decarbonization
e Cost savings to building utility payers from e Costs for improving efficiency and electrification of
efficiency and switching to low-cost electricity households
(residential and commercial buildings) e Costs for improving efficiency and electrification
e Reduced climate change impacts from emissions for commercial buildings

(reduced social cost of carbon)
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Industrial Sector

The industrial sector model estimates GHG emissions from energy used as
inputs into the industrial sector (electricity and non-electricity), emissions
released from industrial processes (e.g., CO2 releases from cement manufac-
turing), and emissions from the use of industrial materials, such as refrigerants
and electronics. Estimates of future industrial production are supplied by the IEEM model for
the three economic scenarios, and reflect baseline assumptions about trade and the structure
of the economy. A more complete analysis could consider how international price changes in
key exports for Costa Rica (e.g., machinery and medical supplies) would affect industrial pro-
duction and trade patterns. Recycled raw materials, such as glass and metals, are assumed to
replace the production of virgin materials. The emissions savings from recycling versus virgin
production of materials are captured in the waste sector, as are negative emissions associated
with the recycled waste. This representation of the “circular economy” ensures that emissions
savings are not double counted. Calculated electricity demands for the industrial sector are
passed to OSeMOSYS-CR to estimate total electricity demands. The industry model does
not represent individual firms and only focuses on the main emitting activities. We consulted
representatives from a range of stakeholders from the industrial sector, who are listed in Appen-
dix D. Table 2.7 summarizes the key NDP actions for the industrial sector and how these
actions are represented in the model. Appendix A provides details and numerical values.

The primary benefits to industrial decarbonization include energy cost savings due to
electrification and productivity improvements due to improved processes and efficiencies. We
represent three major costs: those to reduce emissions from the cement manufacturing, those
to improve the efficiency of use of industrial products, and those related to efficiency and elec-
trification across all industries (Table 2.8).

Table 2.7

Industrial Sector National Decarbonization Plan Actions and Model Implementation
Decarbonization Plan Actions Model Implementation

Process improvement to reduce energy use e Reduction in energy use per value added by industry
Electrification of processes e Increased share of electricity use (and corresponding

decrease in use of fossil fuels)

Process improvements to reduce emissions e Reduction in carbon intensity of industrial production (par-
ticularly cement)

Increased efficiency of use and reduction in e Reduction in process emissions per value added by industry
emissions from industrial products

Table 2.8
Industrial Sector Benefits and Costs of Decarbonization Modeled in This Study

Benefits of Decarbonization Costs of Decarbonization

e Cost savings to industrial producers from switching ¢ Costs of reducing emissions from cement

to low-cost electricity manufacturing
¢ Industrial productivity improvement due to process ¢ Costs of improving efficiency and reducing emis-
and energy efficiency sions from industrial products (such as refrigerants)
e Cost savings from processing recycled glass and e Costs for improving efficiency and electrification

metal in lieu of virgin production (accounted for in
the waste sector)

e Health savings from reduced emissions

e Reduced climate change impacts from emissions
(reduced social cost of carbon)
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Q: Waste Sector

The waste sector emits GHGs through the decomposition of solid and liquid
—~ waste generated by households, commerce, and industry. Formal treatment of
t () waste can reduce the associated emissions. We model waste sector emissions
using the well-established methodology described in the Intergovernmental
Panel on Climate Change’s 2006 Guidelines for National Greenhouse Gas Inventories. The
model considers

* solid waste generated on a per capita basis

* liquid domestic and industrial waste generated on a per capita basis

* solid industrial waste generated on a per output basis

* net GHG emissions factors that account for the avoided emissions from virgin materials
replaced by recycled or composted content.

The estimates of emissions are quite detailed but do not resolve individual communities
or waste-processing facilities. During the stakeholder interactions, we consulted representatives
from a range of stakeholders from the waste sector, who are listed in Appendix D. Table 2.9
summarizes the key NDP actions for the waste sector and how these actions are represented
in the model.

The primary benefits to decarbonization in the waste sector are represented by the value
of recycled materials, connecting households to sewage service for proper treatment, reduction
in some environmental impacts from untreated wastewater, and recycled water that can be
used as part of a circular economy in other sectors. Costa Rica’s National Wastewater Sanita-
tion Plan (Politica Nacional de Saneamiento en Aguas Residuales; PNSAR) calls for many of
these same investments due to these potential benefits (AyA, 2016). We estimate the costs of
collecting and processing waste for landfill disposal, composting, and recycling; capturing
methane at landfills; and rehabilitating and adding sewage connections and treatment capacity
(Table 2.10). We consulted representatives from a range of stakeholders from the waste sector,
who are listed in Appendix D. Appendix A provides details and numerical values.

Table 2.9

Waste Sector Decarbonization Plan Actions and Model Implementation
Decarbonization Plan Actions Model Implementation
Increase composting ¢ Divert food waste to composting facilities

Implement Politica Nacional de Saneamiento * Increase in domestic, commercial, and industrial waste that

en Aguas Residuales (PNSAR), Costa Rica’s is collected and processed through a wastewater treatment
sanitation plan (AyA, MINAE, and MS, 2016); facility, including 100% treatment of urban wastewater and
increase sewer, sanitation, and treatment secure sanitation for rural areas by 2045

system coverage (per the most recent national
sanitation plan)

Increase recycling ¢ Divert recyclables to material recovery facilities or at source

Increase landfilling and methane capture e Reduce open air trash burning, increase collection of solid
waste, and increase landfilling. Additionally, increase meth-
ane capture at landfills
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Table 2.10
Waste Sector Benefits and Costs of Decarbonization Modeled in This Study
Benefits of Decarbonization Costs of Decarbonization
e Commercial value of recycled waste e Collecting solid waste
e Value to residents of sewage service e Disposing of waste in landfills
e Value to environment from collecting and treating ¢ Recycling and composting waste
sewage instead of informal discharge e Adding new/rehabilitating existing urban sewage
e Value of recycled water for other uses (i.e., circular connections and rural secure sanitation
economy) e Increasing wastewater treatment
e Reduced climate change impacts from emissions e Capturing methane at landfills

(reduced social cost of carbon)

Agriculture, Livestock, and Forestry Sector
GHG Emissions from the agriculture, livestock, and forestry sectors
are interconnected and thus often considered together for decarbon-
ization planning. For this effort, we model each of the three sectors
separately, but reflect linkages through common land-use projections.
The agricultural and livestock sectors are modeled in a simi-
lar fashion. The agricultural sector model estimates GHG emissions
associated with the land and crop processes (e.g., soil emissions, net crop emissions, fertilizer
application, and burning of waste) and non-electricity energy inputs, such as fuel for agricul-
tural equipment. Emissions associated with electricity use are captured in the electricity sector.
The GHG emissions for each type of animal is based on per animal emissions rates, which are
composed of separate emission factors for enteric fermentation and manure decomposition.
The vast majority of current emissions come from cattle and horses—96 percent.

Emissions from the agricultural and livestock sectors are disaggregated by the crops and
animal categories listed in Table 2.11. The model does not represent spatial heterogeneity
across Costa Rica.

Table 2.12 summarizes the key NDP actions for the agriculture and livestock sectors and
how these actions are represented in the model.

Decarbonization in agriculture and livestock can be achieved through increasing carbon
sinks—for instance, by planting of trees—and reduction in emissions—through, for example,
more efficient uses of fertilizer, use of different agricultural feed, and better manure manage-
ment. There are many benefits to decarbonization in the agriculture and livestock sectors, as
listed in Table 2.13 and Appendix A. The largest benefits include agricultural and livestock

yield increases. Costs for the agricultural sector are divided between those specific to coffee

Table 2.11
Crop and Animal Type Estimates in the
Agriculture and Livestock Sector Models

Crops Animal Types
e Coffee ¢ Meat cattle
e Fruits e  Milk cattle
e Palm Qil e Dual-purpose cattle
e Pineapple e Horses
* Rice e Goats
e Sugarcane e Mules
e Vegetables * Pigs
e Bananas e Poultry
e Other e Sheep

e Water buffalo
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Table 2.12
Agriculture and Livestock Sector Decarbonization Plan Actions and Model Implementation

Decarbonization Plan Actions Model Implementation

Emissions reduction by primary agricultural chains * Reducing carbon emissions per area of cultivated land

by crop type

Achievement of low emissions and sustainability

Use of biodigesters e Reduction of emissions per head of herding animals

Use of low-carbon technologies for livestock

Table 2.13
Agriculture and Livestock Sector Benefits and Costs of Decarbonization Modeled in This Study

Sector Benefits of Decarbonization Costs of Decarbonization

Agriculture e Energy cost savings from electrification in the ¢ Coffee farm decarbonization programs
agriculture sector ¢ Non-coffee decarbonization
e Increased agricultural yields due to improved
practices
e Reduced climate change impacts from emis-
sions (reduced social cost of carbon)

Livestock e Improved productivity due to improved feed- e Cost of reducing carbon emissions from
ing and livestock management, which can livestock
reduce the number of unproductive cattle,
for example
e Reduced climate change impacts from emis-
sions (reduced social cost of carbon)

farms based on existing Costa Rica programs and all other crops. Costs from the livestock
sector are based on aggregate GHG emissions reductions, per academic studies. We consulted
representatives from a range of stakeholders from these sectors, who are listed in Appendix D.

The forestry sector model tracks estimates of the use of all major types of land and evalu-
ates the associated emissions sequestration from forests, mangroves, and wetlands and the
emissions released or sequestered from the conversion between forested and other land types.
Separate GHG emission factors are used to represent net sequestration by the following land
use categories:

* primary and secondary forest of the following types: wet, moist, dry, mangrove, and palm
* grasslands

* wetlands

* settlements

* other.

Table 2.14 summarizes the key NDP actions for the forestry sector and how these actions
are represented in the model.

Decarbonization in the forestry sector leads to increases in a range of ecosystem services
that can be classified as follows:

* Provision of renewable products or material: For wet forests, the largest value comes
from genetic material, hydropower, and other forest products; for mangroves, the largest
value comes from food and other products.
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Table 2.14
Forestry Sector National Decarbonization Plan Actions and Model Implementation
Decarbonization Plan Actions Model Implementation
Maintenance and increase in forest cover e Elimination of deforestation of primary forests
e Increasing carbon sequestration rates from forested land
types

Restoration and protection of coastal and rural e Elimination of deforestation of primary mangrove forests
areas e Increasing carbon sequestration rates from mangrove and
wetland land types

* Ecosystem management: For wet forests, the largest value comes from erosion manage-
ment, climate regulation, and water filtration and purification; for mangroves, significant
value comes from preservation of biodiversity, protection from extreme events, erosion
prevention, and climate regulation.

* Cultural support: Wet forests and mangroves provide significant tourism and recreation
value.

Costs are represented by opportunity costs from not deforesting and the costs required to
increase net sequestration from existing forests (Table 2.15).

Table 2.15
Forestry Sector Benefits and Costs of Decarbonization Modeled in This Study
Benefits of Decarbonization Costs of Decarbonization
e Ecosystem services from wet, dry, and mangrove e Opportunity cost of forgone timber
forests e Opportunity cost of forgone grazing
e Reduced climate change impacts from emissions e Opportunity cost of forgone agricultural
(reduced social cost of carbon) production

e Increasing carbon sequestration by forests

Accounting for Uncertainty About Future Emissions and Decarbonization

It is not likely that the baseline assumptions will play out exactly as anticipated today, and thus
there is uncertainty about how emissions could evolve in the future without decarbonization.
Uncertainty about model estimates of future emissions stems from (1) inaccurate or incomplete
information about current emissions, such as the emissions rates from cows or cement manu-
facturing; (2) uncertainty in the evolution of emissions drivers, such as the number of livestock
or amount and type of manufacturing in the future; (3) uncertainty about how processes lead-
ing to emissions could change, such as forest use and sequestration rates; (4) imprecise averag-
ing of effects across the sectors, such as representing average household energy use rates or land
use actions across the Costa Rican landscape instead of disaggregating across municipalities or
regions; and (5) the specific modeling formulation used to make the estimate.

There is also uncertainty about the effectiveness of decarbonization actions. For example,
the NDP establishes targets for adoption of electric vehicles, but achievement of the targets
is not guaranteed. The NDP also seeks to ensure that electricity is generated using renewable
sources such as hydropower, wind, and solar. The amount of available hydropower, in particu-
lar, could decline in the future because of the uncertain effects of climate change.

There is uncertainty around the cost and benefit factors used to estimate net benefits
of the decarbonization plan. In many cases, Costa Rica—specific cost or benefit factors are
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not available, so values derived from other regions were used. There are also benefits and
costs to decarbonization that are not included in this study. For example, economic benefits
from employment are not included, and there are many intangible benefits to quality-of-life
improvements from the decarbonization actions that are not included. In some cases, data were
not available, such as the direct costs of reducing emissions in the buildings sector, and thus
had to be estimated. As a result, some benefits and costs may be under- or overestimated.

There are more than 125 uncertainties defined in the models we use to estimate emissions
across all the sectors. Table 2.16 summarizes uncertainties around drivers of emissions that are
independent of the implementation of the NDP—called driver uncertainties—and uncertain-
ties about the implementation of the NDP—-called decarbonization uncertainties. There are
an additional 47 factors used to estimate the benefits and costs of the NDP. These factors are
summarized in the sections above—Tables 2.2, 2.4, 2.6, 2.8, 2.10, 2.13, and 2.15.

To account for these uncertainties, we developed several thousand futures exploring
uncertainty—each future reflects a set of assumptions about the uncertain parameters. These
estimates were developed prior to the spread of COVID-19. Recent studies suggest, however,
that the pandemic-related reductions are likely to be temporary (Forster et al., 2020). As such,
any impact on long-term economic activities can be suitably reflected in a reasonable range of
long-term average economic growth rates, as we have done in this study (see also box above).
Then we used the CR-IDPM to evaluate GHG emissions and decarbonization benefits and
costs for each future.

We developed the set of futures by first using the IEEM to develop three economic futures
based on the following economic growth rates: 2 percent per year, 3.5 percent per year, and
4 percent per year. The baseline economic growth rate for 2021 to 2050 is based on estimates
from the International Monetary Fund (2019), in which Costa Rica’s gross domestic product
grows to 3.5 percent for the period 2020 to 2050, and we set the lower and higher values to
explore across a broader range of rates. Each future includes internally consistent estimates of
emissions drivers, such as transportation demand and value added from different industries,
crops, and livestock animals. We then mapped these data into specific inputs for the different
sectoral models. We combined these three economic futures with baseline assumptions for all
other parameters summarized in Table 2.13, and specified no implementation of the NDP. We
label these Futures 1-3.

Next, we developed a 1,000-element sample across plausible ranges for the other driver
uncertainties summarized in Table 2.16 and benefit and cost uncertainties described in
Tables 2.2 through 2.15 to add to the baseline future. We used an approach called Latin
hypercube sampling (LHS) to ensure that the resulting 1,000-element ensembles of futures
efficiently sampled the full plausible ranges of uncertainties considered. The plausible ranges
for each driver were established based on the literature or, when uncertainty information
was not available, simply a standard percentage range around the best estimate. We combine
these 1,000 futures with the three economic scenarios to define Futures 4-3003. Again, these
assume no implementation of the NDP.

We then developed three experiments representing the implementation of the NDP under
baseline assumptions for the three economic growth rate scenarios (experiments 3004-3000).
Again, we developed a 1,000-element LHC sample, this time varying the driver uncertainties
and the decarbonization uncertainties. We combined these 1,000 futures with the three eco-
nomic growth rate scenarios to get an additional 3,003 experiments (Futures 3007-6006) that
reflected the implementation of the NDP. Table 2.17 summarizes this experimental design.
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Table 2.16

Summary of Uncertainties in the Emissions Models

Sector Driver Uncertainties Decarbonization Uncertainties
All e Economic growth rate * N/A
Transport e Demand for transport (linked to economic ¢ Growth of electric and hydrogen public
growth) transport
e Cost of fuels e Growth of electric private and freight
e Infrastructure costs for electrification, fuel transport
changes, and modal changes e Growth of hydrogen heavy freight
e Technological costs e Growth of share of non-motorized trans-
e Elasticities of demand for different modes port and public transport use
of transport
¢ New technology adoption rates
Electricity e Cost of new renewables e Development of new renewables to meet
increasing demand
e Production from hydropower facilities
Buildings e Population e Household energy use
¢ Household occupancy rates e Percentage of household electrification
e Commercial economic activity e Energy use per amount of economic activity
e Percentage of commercial electrification
Industry ¢ Cement and other industrial production e Decarbonization rates of cement and other
e Decarbonization rates of cement and other industrial products (both a driver and
industrial products decarbonization uncertainty)
e Industrial value added e Energy demand per value
e Efficiency of non-electrical energy use
e Increase in electrification of industrial
activity
Waste e Population e Share of waste that is recycled and
e Industrial activity composted
e \Waste per capita and value of industrial e Percentage of sewage treated
production e Methane captured in landfills
Agriculture, e Agriculture and livestock value added e Energy efficiency in agriculture and
livestock, and e Change in area used for cultivation and livestock
forestry grazing e Amount of electrification of agriculture and
livestock activities
e Change in carbon intensity of agricultural
production
e Change in carbon emissions from animals
and manure
e Deforestation rates for primary forests
e Change in carbon sequestration by wet,
moist, dry, palm, and mangrove forests
Table 2.17
Experimental Design to Evaluate GHG Emissions, Benefits, and Costs Under Uncertainty
Other Driver Decarbonization Benefit and Cost
Futures Economic Growth Rate Uncertainties Uncertainties Uncertainties
1-3 Low, baseline, high Baseline assumptions N/A Baseline assumptions
4-3003 Low, baseline, high 1,000 element N/A 1,000-element
LHS sample LHS sample
3004-3006 Low, baseline, high Baseline assumptions | Baseline assumptions | Baseline assumptions
3007-6006 Low, baseline, high 1,000-element LHS sample
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Identifying Vulnerabilities to Inform the Implementation of the National
Decarbonization Plan

We evaluate the emissions, benefits, and costs of the NDP across thousands of plausible futures
to first roughly estimate what the range of outcomes are. Might Costa Rica over- or under-
shoot its target for zero net emissions, and by how much? What range of net benefits might be
achieved? Second, we seek to understand what future conditions could lead Costa Rica’s decar-
bonization strategy to not achieve its goals. This information then informs how to implement
the NDP in an adaptive way that ensures success no matter how the future unfolds. These
results are presented in Chapter Four.

Using vulnerability analysis techniques from the RDM literature (Groves and Lempert,
2007; Bryant and Lempert, 2010), we define a threshold for GHG emissions, above which
would indicate missing Costa Rica’s decarbonization goals. Similarly, we defined another
threshold for net economic benefits. The vulnerability analysis identifies key vulnerabilities,
defined by the ranges of specific uncertainties that lead to poor outcomes. In Chapter Five, we
discuss shaping and hedging strategies that Costa Rica could use to ensure successful imple-
mentation of the NDP.






CHAPTER THREE

The Benefits and Costs of Costa Rica’s Decarbonization Plan
Under Standard Assumptions

Overall Benefits and Costs of Decarbonization to Costa Rica’s Economy

If Costa Rica successfully implements its NDP, we estimate that net emissions would decline
across all sectors from approximately 11.7 megatons carbon dioxide equivalent (MtCO2e) in
2018 to 0 MtCO2e in 2050, under baseline assumptions. Without implementation of the
NDP, emissions would increase to 18.8 MtCO2e by 2050. Figure 3.1 shows these results dis-
aggregated by sector. For the results presented here, we group the public and private transport
sectors together, as some actions in the public sector, such as improving public transportation,
lead to emissions reductions by private vehicles and benefits such as reduced congestion. We
also group the agricultural, livestock, and forestry sectors together because land use changes
affect all three.

The largest reductions in net emissions would occur in the transport sector: 4.2 MtCO2e
reduction by the public and private transport systems and another 3.2 MtCO2e by freight

Figure 3.1

Costa Rican GHG Emissions, by Sector, over Time, Without Decarbonization (left) and with the
Implementation of the National Decarbonization Plan (right) Under Baseline Assumptions
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transport (Figure 3.2). Significant reduction would also occur in the agricultural, livestock,
and forestry sectors: 6 MtCO2e by 2050, becoming the only net absorbing sector. Reductions
in industry and waste account for an additional reduction of 4.9 MtCO2e. The current elec-
tricity system is nearly 100 percent renewable and has significant excess capacity. So, while
emissions reductions are not directly coming from the electricity sector, the current renew-
able capacity of the electricity sector will support significant decarbonization in other sectors
through electrification.

Under baseline assumptions, implementing the NDP would save or otherwise provide
$75 billion in benefits from 2020 to 2050, discounted back to 2015 at a rate of 5 percent per
year. The discounted cost would be $34 billion, yielding a net benefit of $41 billion.!

Figure 3.3 shows how benefits and costs accrue over time, presented in terms of seven
annual time slices. The largest class of benefits are due to cost savings from electrification and
efficiency. This includes reduced fuel costs in the transport sector due to the adoption of elec-
tric and hydrogen vehicles. It also includes energy cost savings in the buildings and industrial
sectors. The category economic benefits includes benefits other than lower energy costs from
electrification that accrue directly to individuals and businesses, such as health savings and
increased productivity. Environmental services include benefits from the agriculture, livestock,
and forestry sector, such as providing plants for medicine, food for forest-based communities,
and controlling erosion and filtering water supplies. Circular economy includes the benefits
from recycling materials and the reuse of wastewater.

To implement the NDP, Costa Rica will incur investment costs and opportunity costs. The
investment costs include switching to electric mobility, improving public transport, purchas-
ing energy efficient equipment, and converting building energy use to electricity. Near-term

Figure 3.2
Costa Rican Reduction in 2050 Emissions, by Sector, with the Implementation of the National
Decarbonization Plan Under Baseline Assumptions
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' Five percent per year is the discount rate suggested by the Central Bank of Costa Rica and consistent with guidance

from Coppola, Fernholz, and Glenday (2014). If net benefits were discounted back to 2020 at 5 percent per year, then they
would be $52.2 billion; if they were discounted back to 2020 at 10 percent per year, then they would be $20.0 billion.
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Figure 3.3
Annual Benefits and Costs of Implementing the Costa Rica Decarbonization Plan Under Baseline
Assumptions, by Sector
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investment costs are quickly outweighed by the benefits.? Opportunity costs include those
related to preserving primary forests instead of using the land for timber production or agri-
culture and livestock.

Putting the benefits and costs together, we see the greatest net benefits in the agriculture,
livestock, and forestry sectors—about $22 billion (Figure 3.4). This is followed by public and
private transport, which would provide $17 billion in net benefits under baseline assumptions,
while industry and waste would provide smaller net benefits ($1.4 billion together). Based on
the way in which costs and benefits are accounted for across the sectors, net benefits in the elec-
tricity sector are slightly negative. However, the benefits of cheaper electricity are accounted for
under the transportation, buildings, and industrial sectors. The net benefits from the buildings
sector are also slightly negative under baseline assumptions. However, the estimates of benefits
and costs are rough, as discussed below, and the net benefits could be slightly positive under
different assumptions.

Uncertainty around the benefits and costs factors can be very high, and some benefits
and costs may have been left out of the analysis. Our estimates of the costs of implementing
energy efficiency in buildings, for example, are based on particularly weak evidence. In addi-
tion, even if costs listed under a given line of action exceed its benefits, the emissions reduc-

2 Inan economy in which production factors are not fully used, as is perhaps the case in Costa Rica following the impacts

of the pandemic, investments financed by public debt can under some conditions contribute to reactivate the economy and
more than pay for themselves (Riera-Crichton, Vegh, and Vuletin, 2014; International Monetary Fund, 2019). The present
study does not consider this impact: All investments are counted as net costs.
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Figure 3.4
Total Discounted Net Benefits from Implementing the National Decarbonization Plan Under Baseline
Assumptions, by Sector
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tions from this line of action may not be easily replaced by additional reductions with other
actions. Costa Rica could also delay some investments until they become less expensive. Lastly,
some shifts in NDP actions across the lines of actions in the NDP could reduce benefit/cost
imbalances, as discussed in Chapter Five.

Importantly, costs associated with a particular line of action do not need to translate into
costs for the economic actors of that sector. The distribution of costs and benefits over con-
sumers and firms depends crucially on government policy, which is not considered here. For
instance, the government can use tax policy or other mechanisms to transfer some of the gains
to those who incur net costs under the NDP.

When looking at emissions and net benefits together by the sectors, we see clearly that a
few sectors lead to large emissions reductions and significant net benefits: agriculture, forestry,
livestock, and private and public transport (Figure 3.5). Net benefits per discounted cumula-
tive emissions amount is also greatest for these sectors—$808 per ton CO2 equivalent (CO2e)
and $815 per ton CO2e. Actions in the freight transport, industry, and waste sectors lead to
large GHG emissions reductions, but lower net benefits. The unit benefit is also significantly
lower than for the prior sectors. Lastly, decarbonization actions in the electricity and buildings
sector would lead to much lower emissions reductions and modest net costs.
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Figure 3.5
Discounted Net Benefits Versus Discounted Change in Emissions from 2020 to 2050, by Sector
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Sector-by-Sector Breakdown of Emissions, Benefit, and Costs

The following subsections drill down in each sector to examine how emissions are reduced,
and the individual benefits and costs that accrue over time under the baseline assumptions.

Transport Sector
OO0—O Under baseline assumptions and the implementation of the NDP, transport
@ emissions would decline from 5.7 MtCOZ2e in 2018 to 0.3 MtCO2e in 2050,
m_/@ at a discounted cost of $24 billion. These reductions would lead to 330 bil-
00—0 lion in discounted cost savings and about $13 billion in health, accidents, and
congestion savings.

Implementation of the NDP would lead to emissions reductions across public, private,
and freight transport (Figure 3.6). Emissions would be all but eliminated in the private trans-
port sector, because the fleet is completely electrified. Small rates of GHG emissions would
remain in 2050 from the freight and public sectors.

Decarbonization in the transport sector would lead to benefits that significantly out-
weigh the costs (Figure 3.7). The largest benefits would come from reduced operations and
maintenance costs from a largely electrified fleet—$14.4 billion from public and private trans-
port, $12.3 billion from freight, and an additional $3.6 billion from the transport system as
a whole. The next largest benefit category are reductions in costs associated with pollution,
accidents, and congestion—about $11 billion. Most benefits come from reduced accidents,
accomplished through reduction in the numbers of private vehicles used and distance traveled
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as mobility is shifted to public transport options, enabled by the investments in improved bus
lines, the electric train, and non-motorized mobility options.

Figure 3.6
Emissions from the Transport Sector Without Decarbonization and with the Implementation of the
National Decarbonization Plan
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Figure 3.7
Benefits and Costs from Decarbonization in the Transport Sector Under Baseline Assumptions
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Electricity Sector

Under baseline assumptions and the implementation of the NDP, emissions from

the electricity sector would remain close to zero through 2050, as renewable

sources continue to provide carbon-free electricity. Only modest investments of

less than $1 billion through 2050 would be required to maintain the high level
of renewable capacity.

The Costa Rican electricity system currently has excess renewable capacity due to a highly
developed hydropower infrastructure. As Costa Rica electrifies the transport and other sectors,
this excess capacity provides inexpensive replacement fuel. The difference in emissions from
power generation between the “without decarbonization” and “with implementation of the
NDP” are very small—less than 0.08 MtCO2e per year from 2040 to 2050. Similarly, the net
costs are small because of the modest investment costs—about $700 million discounted costs
from 2020 to 2050. Note that the benefit in terms of cheaper energy for transportation, build-
ings, and industry are accounted for under the respective lines of actions.

Implementing the NDP increases electricity consumption (Figure 3.8). In 2018, electric-
ity use was about 31 petajoules (P]) per year, and it increases to almost 140 PJ per year under
baseline assumptions. The largest increases come from electrification of public, private, and
freight transport and industry. The electricity demand by buildings remains roughly constant,
as increases due to electrification are offset by increases in energy efficiency.

Increased electricity demand is met largely with existing renewable hydropower. As a
result, the levelized cost of electricity declines over time faster with the implementation of the

NDP than without—from 0.14 dollars per kilowatt-hour ($/kWh) to 0.05 $/kWh (Figure 3.9).

Figure 3.8
Change in Electricity Consumption by the Transport, Buildings, Industry, and Agricultural Sectors
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Figure 3.9

Levelized Cost of Electricity over Time Without Decarbonization and with the Implementation of the
National Decarbonization Plan
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By 2050, we estimate that electricity would be 38 percent less costly to generate with the imple-
mentation of the NDP and 79 percent less costly than in 2018, under baseline assumptions.
This benefit is accounted for as savings from electrification under the transportation, build-
ings, and industry sectors. Current regulations in Costa Rica mandate that electricity is priced
at its levelized costs. Our result suggests that under this arrangement, the implementation of
the NDP would result in reduced electricity prices for consumers and firms.

Buildings Sector

Under baseline assumptions and the implementation of the NDP, emissions from the
buildings sector would decline by about 42 percent through 2050 at a cost of about
$2.4 billion through 2050. The decarbonization investments would yield about
$1.8 billion in energy cost savings to residential and commercial building owners or
occupants, which do not entirely offset higher investment costs in our baseline scenario.

Emissions from the buildings sector are relatively low compared to other sources—only
about 0.4 MtCO2e in 2018. Under the NDP and baseline assumptions, emissions would
decline to about 42 percent of what they would have been, due to reductions in both residen-
tial and commercial buildings (Figure 3.10). The rate of emissions reduction for residential and
commercial buildings is similar.

Decarbonization benefits in the residential sector result primarily from energy cost sav-
ings to residential and commercial building energy customers (Figure 3.11). Costs, though dif-
ficult to estimate for the commercial sector, are considerably higher for commercial buildings
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under baseline assumptions. Improved estimates for these costs, based on building inventories
with detailed characteristics that are not currently available, could increase our assessment of
the net benefits from the buildings sector. Alternative assumptions are explored through the
uncertainty analysis described in Chapter Four.

Figure 3.10

Emissions from the Buildings Sector Without Decarbonization and with the Implementation of the
National Decarbonization Plan
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Industrial Sector

Under baseline assumptions and the implementation of the NDP, emissions from
the industrial sector would decline modestly—about 21 percent, but would be less
than half of the emissions without the NDP. The cost would be about $2.2 billion
and yield about $4.3 billion in benefits from reduced energy costs and increased

productivity.

There are three main ways in which emissions would be reduced in the industrial sector:
(1) reductions in emissions associated with cement production (the largest industrial GHG
emission source), (2) reduction in the emissions associated with the use of industrial products,
such as refrigerants, and (3) reductions in emissions related to the energy needed to power
industrial processes (Figure 3.12).

The major benefits to Costa Rica from decarbonization of the industrial sector could
come from increased industrial productivity associated with the decarbonization actions.
We conservatively estimate that productivity could improve at a rate of one-third that of
decarbonization (e.g., a 10 percent decarbonization would lead to a 3.3 percent productiv-
ity improvement). Under this assumption, $3.6 billion in benefits would be realized in the
industrial sector (Figure 3.13). Costs to the industrial sector are due primarily to reducing
cement emissions—about $1.4 billion—reducing emissions from industrial products—about
$0.6 billion—and increasing energy efficiency—about $200 million, under baseline assump-
tions. The net benefits under these baseline assumptions are $2 billion.

Figure 3.12
Emissions from the Industrial Sector Without Decarbonization and with the Implementation of the
National Decarbonization Plan
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Figure 3.13
Benefits and Costs from Decarbonization in the Industrial Sector Under Baseline Assumptions
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Q: Waste Sector

Under baseline assumptions and the implementation of the NDP, emissions from
the waste sector would decline significantly—about 57 percent, at a cost of about
t () $4.4 billion. Decarbonization would provide abour $3.7 billion of value through
recycled materials, treated wastewater, and health and aesthetic benefits from col-
lecting and treating most solid and liquid waste.

Decarbonization of the waste sector leads to GHG emissions reductions from a variety of
sources. Currently only 14.4 percent of sewage is treated, leading to large GHG emissions as the
organic material decomposes. Collection and treatment of this waste from the industrial and
commercial sectors would lead to significant GHG emissions reductions (Figure 3.14). Simi-
larly, the informal disposal of trash and landfilling of waste that otherwise could be recycled
or composted would lead to almost 3.3 MtCO2e of emissions by 2050 under baseline assump-
tions. Implementing the collection, recycling, methane capture, and composting actions in
the NDP could reduce these emissions by about 70 percent. The negative emissions associated
with recycling in Figure 3.14 reflects the replacement of virgin material and elimination of the
emissions needed to produce them.

There are many benefits from decarbonizing the waste sector. Consistent with the con-
cept of the “circular economy,” the value of recycled waste and treated wastewater could offset
much of the costs associated with decarbonization (Figure 3.15). There are also significant
environmental benefits to collecting and treating sewage. Willingness to pay assessments reveal
that households without connections to centralized sewage systems value the increased hygiene
and convenience of connections by over $20 per month, per household—about $440 million
in aggregate (Dixon, 2012). Similar assessments reveal another $200 million to the regional
environment and groundwater benefits from reducing untreated wastewater in communities.
There may be additional ecosystem benefits from increasing the collection and treatment of
solid and liquid waste that are not reflected in our calculations due to lack of data.

The costs to recycle waste are hard to estimate at the high level of this study. We assume
in the baseline that the sum of the cost of collecting and recycling material is equal to the value
of the recycled material—that more profitable materials, such as metals, will offset net costs or
recycling other materials with less value, such as plastics. We explore the assumption that the
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Figure 3.14
Emissions from the Waste Sector Without Decarbonization and with the Implementation of the
National Decarbonization Plan under Baseline Assumptions
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Figure 3.15
Benefits and Costs from Decarbonization in the Waste Sector Under Baseline Assumptions
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costs are higher than the value in Chapter Four. The total discounted cost of the rehabilita-
tion of the sanitation system and increasing the coverage of sewage connections and associated
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treatment is high—$2.6 billion. Lastly, costs to capture methane and convert to CO2 through
burning is low and a practical approach for reducing GHG emissions.

Agricultural, Livestock, and Forestry Sector

Under baseline assumptions and the implementation of the NDP, emis-

sions from the agriculture and livestock sector would be considerably lower

than without the NDP: about 2.6 MtCO2e or 53 percent lower. Net
m emissions from forestry would decline even more: 3.3 MtCOZ2e. These

emissions reductions would cost about $3.1 billion through 2050, but

would yield abour $25 billion of benefits from increased agricultural and
livestock yields and additional forest ecosystem services.

The agriculture, livestock, and forestry sector collectively leads to net sequestration in
Costa Rica. Agriculture and the raising of livestock contribute to modest levels of emissions
relative to other sources in Costa Rica (3.1 MtCO2e in 2018, or 22 percent of emissions from
the non-forestry sectors; Figure 3.16), which are mostly offset by sequestration from forests
(-2.8 MtCO2e in 2018; Figure 3.17). Without decarbonization, however, emissions from agri-
culture and livestock would increase by almost 2 MtCO2e by 2050.

The NDP strategies call for investments in the agriculture and livestock sectors to coun-
teract emissions increases and could lead to a reduction of 2.6 MtCO2e. The largest potential
for emissions reductions come from management strategies targeted at the large cattle industry.
Improving the management of manure, improving feed, and planting additional trees could
lead to 2 MtCO2e reduction, relative to the “without decarbonization” condition. Improve-
ment in agricultural processes and electrification of equipment could lead to an additional
decrease of about 0.5 MtCO2e by 2050 under baseline assumptions.

The forestry sector provides tremendous opportunity for increasing carbon sequestra-
tion and offset otherwise difficult to eliminate emissions from other sectors. The NDP could

Figure 3.16
Emissions from the Agricultural and Livestock Sectors Without Decarbonization and with the
Implementation of the National Decarbonization Plan
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Figure 3.17
Emissions from the Forestry Sector for the Without Decarbonization and with the Implementation
of the National Decarbonization Plan
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reduce emissions using two main strategies: (1) preserving forests, which would eliminate the
release of CO2 to the atmosphere when forests are cleared, and (2) improving management of
the forest to sequester more carbon. Under our baseline assumptions, Costa Rica phases out all
deforestation of primary forest and reduces net emissions by about 2.4 MtCO2e (Figure 3.17).
Next, the sequestration rate of existing forested lands increases to reflect improved manage-
ment and reduces net emissions by about 1 MtCO2e.

The decarbonization actions in the agriculture, livestock, and forestry sectors would lead
to very large net benefits (Figure 3.18). The three largest benefit categories are (1) increased
agricultural output due to improved management ($4 billion);? (2) increased ecosystem ser-
vice benefits from not removing wet, dry, or mangrove forests ($7.2 billion), and (3) improv-
ing forest management ($13.5 billion).* According to our estimates, the costs would be much
lower than benefits. Baseline assumptions suggest about $0.4 billion of costs for implementing
agricultural improvements and $0.65 billion for improving livestock practices, based on the
use of cost factors for unit reductions in GHG emissions for the agricultural and livestock sec-
tors (Gillingham and Stock, 2018). We make an upper bound estimate of the costs of reducing
deforestation by considering the opportunity costs of not removing forests. Specifically, we
estimate the forgone value of timber from not removing primary forests ($0.7 billion), forgone
value from livestock by grazing ($0.4 billion) and forgone value from agriculture ($1 billion).
Based on estimates of the unit cost for reducing GHG emissions from tropical forests, com-
piled by Busch et al. (2019), we calculate the costs of increasing forest carbon sequestration to
be about $0.3 billion over the 30-year period, as shown in Figure 3.18.

3 See Karlsson, Alfredsson, and Westling (2020) and Verspecht et al. (2012) for a review of studies describing the agricul-

tural benefits from climate mitigation.

4 Proyecto Humedales de SINAC-PNUD-GEF (2017) provides estimates of the ecosystem value associated with forests,

which we use to estimate benefits from preserving forests and improving their management.
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Figure 3.18
Benefits and Costs from Decarbonization in the Agriculture, Livestock, and Forestry Sectors Under
Baseline Assumptions
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The results shown in this chapter are all based on a set of baseline assumptions. There
is significant uncertainty around these assumptions, so it is important to understand whether
and how these uncertainties could affect the achievement of the NDP emissions target and
the net benefits of implementing the NDP. Chapter Four presents the analysis of uncertainty.






CHAPTER FOUR

How Uncertain Is the Success of Costa Rica’s Decarbonization
Plan?

The estimates in Chapter Three of future GHG emissions and the net benefits of implement-
ing the Costa Rica NDP are based on a single baseline assumption for each of the 348 uncer-
tain factors. In this chapter, we explore how sensitive this estimate is to other plausible assump-
tions about the future. The range of results presented here do not suggest how likely different
outcomes are, but rather they

1. establish that implementing the NDP would lead to close to net-zero emissions over
most plausible futures and do so while also leading to net benefits to other aspects of
Costa Rica, and

2. provide information about which assumptions need to hold in order for the NDP to
achieve its decarbonization goals at a large net benefit to Costa Rica.

This information helps determine whether alternative targets would be useful to develop,
or how to develop adaptive targets that adjust over time in response to the outside drivers.
Chapter Five elaborates on this approach.

The first section of this chapter describes how the NDP will perform across the 3,003
plausible futures described in Chapter Two, focusing on portraying the potential variability of
the NDP with respect to emissions and net benefits. The second part of the chapter systemati-
cally analyzes these results to identify key vulnerability drivers and their associated thresholds.

Range of Emissions and Net Benefits Across Uncertain Futures

Without implementation of the NDP, emissions would likely rise from current levels (around
12 MtCO2e) and even possibly more than double (Figure 4.1). Under some assumptions, emis-
sions could hold steady or even decline slightly to about 9 MtCO2 in 2050. But achievement
of zero net emissions would only happen with significant decarbonization efforts.

The implementation of the NDP would lead to a decline in emissions of at least 61 per-
cent in all plausible futures, fall below 1 MtCO2e in 77 percent of futures, and lead to net
negative emissions in 47 percent of futures evaluated. The uncertainty around emissions with
the implementation of the NDP is lower than in cases without decarbonization, as the actions
of the NDP reduce the sensitivity of emissions to socioeconomic drivers.

The implementation of the NDP would lead to significant net benefits to Costa Rica
under the wide range of plausible conditions evaluated. Figure 4.2 shows the discounted costs

39
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Figure 4.1
Projections of GHG Emissions Without Decarbonization (yellow) and with the Implementation of the
National Decarbonization Plan (green) Across 3,003 Plausible Futures

35
National Decarbonization Plan, baseline assumptions
30 |- National Decarbonization Plan, other futures
:“3 Without decarbonization, baseline assumptions
8 2 | Without decarbonization, other futures
2
=
2
s 20}
a
G
® 15|
]
()
w -
S 10| (2018)
o
<
=
[1]
o 5
)
I
R
-5 | | | | | |
2020 2025 2030 2035 2040 2045 2050
Year

along the horizontal axis and discounted net benefits along the vertical axis for each of the
3,003 plausible futures.! The vast majority of cases (99 percent) indicate positive net benefits
(indicated by the green coloring), and some projections (1 percent) suggest net benefits higher
than $100 billion. In a few cases (21 cases, less than 1 percent), costs exceed the benefits, as
indicated by red coloring in Figure 4.2. We explore what could drive negative benefits below.

What Could Lead the Decarbonization Plan to Miss Its Goals?

To understand what the calculated ranges of emissions and net benefits mean to Costa Rica
decarbonization efforts, we identify the assumptions that lead to high emissions or low net
benefits. We do so by both inspecting the results and applying more sophisticated statistical
tools.

Defining Performance Thresholds
To guide this analysis, we define the outcomes that represent the unsuccessful implementation
of the NDP. Specifically, we consider two conditions:

* High GHG Emissions: These are cases in which the NDP would reduce 2050 emis-
sions by less than 90 percent of 2018 emission levels, as future emissions goals are often
discussed with respect to current emissions. When evaluating all sectors, this threshold is

1" We discount costs and benefits using a 5 percent discount rate. Negative costs reflect futures in which capital expendi-

tures, which are generally higher for the NDP, are actually lower under the NDP.
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Figure 4.2
Benefits and Costs from Implementing the National Decarbonization Plan Across 3,003 Plausible
Futures
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1.16 MtCO2e (10 percent of 11.62 MtCO2e¢). When evaluating the transport sector, the
threshold is 0.57 MtCO2e (10 percent of 5.7 MtCO2e¢). When evaluating non-transport
sectors, we consider a threshold that identifies the lowest 25 percent of cases, as not all
sectors will need to reduce 90 percent of current emissions to reach the overall target. In
each case, we use RDM techniques to characterize the uncertain conditions that would

lead to high GHG emissions.

* Low Net Benefits: We consider two different thresholds, as each can provide important
insight. We first set the threshold at zero net benefits and describe which factors drive

the small number of cases in which net emissions are negative. To consider a wider set

plausible cases in which net benefits are classified as low, we set a higher threshold: the

level of net emissions that demarcates the lowest 25 percent of the cases. When looking

all sectors, this threshold is $29.7 billion; when looking at the transport sector only, this
threshold is $15.5 billion; when looking at the non-transport sectors, this level is $11.6 bil-
lion. As with emissions, we use RDM techniques to characterize the future uncertain

conditions that would lead to low net benefits.
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Figure 4.3 shows total emissions in 2050 versus discounted net benefits for each of the
3,003 futures, and it indicates which results would not achieve the NDP goals. Symbols col-
ored red and orange are High GHG Emissions cases (18 percent of cases). Symbols colored
yellow and red are Low Net Benefits cases (less than 1 percent of cases). Symbols colored green
are those cases that are both below the emissions threshold and above the net benefits thresh-
old (81 percent of cases). The estimate presented in Chapter Three is indicated by the dark
green circle.

Identifying Key Drivers and Vulnerabilities

Each future projection of GHG emissions and net benefits are based on more than 300 differ-
ent uncertain model factors (see Table 2.13). Scenario discovery techniques (Bryant and Lem-
pert, 2010) help identify in which futures an outcome of interest—in this case, High GHG
Emissions or Low Net Benefits—would occur. The techniques identify vulnerabilities as the
ranges of a small set of uncertain parameters that lead to outcomes of interest. There are many
different vulnerabilities that could be defined. Some describe many plausible futures of interest
(high coverage) but also define conditions that could lead to successtul outcomes (low density).
Other vulnerabilities might be more highly targeted on outcomes of interest (high density), but
only explain a small amount of the cases of interest (low coverage). For this analysis, we use

Figure 4.3
Discounted Net Benefits and 2050 GHG Emissions for All 3,003 Futures, Classified by Outcome Risk
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several specific techniques to sort through the large set of uncertainties and identify what is
most important. There are many seemingly obvious reasons why the NDP might not achieve
the desired emissions reductions or do so at low net benefits. This technical analysis, however,
tells us which seemingly obvious reasons actually are the ones that drive bad outcomes.

We first focus on High GHG Emissions outcomes and then look at Low Net Benefit
outcomes. Since there are considerable differences in the way that each sector is modeled, we
first determine which sectors are the most important drivers of uncertainty, and then define
vulnerabilities within those sectors.

Drivers of High GHG Emissions

Without concerted action to decarbonize, higher economic growth leads to higher emissions.
The analysis tells us which aspects of the NDP would need to be particularly effective in order
to ensure sufficient decoupling between the growth of economic activities and GHG emissions
with net benefits to the economy. Under Low Growth assumptions, total GHG emissions in
2050 are almost always less than the defined threshold of 1.16 MtCO2e (Figure 4.4). However,
under Base Growth and High Growth assumptions, there are many cases in which emissions
exceed the threshold. For High Growth, about 41 percent of the cases exceed the threshold,
and for Base Growth, about 13 percent of cases exceed the threshold. These findings do not
suggest that economic growth is inconsistent with decarbonization; in fact, more than half the
High Growth scenarios lead to emissions lower than our threshold. The findings only sug-
gest that higher economic growth has the porential to lead to higher emissions. The faster the
economy grows the more important it is to decarbonize economic activities to reach zero net
emissions by 2050.

The analysis identifies which sectors are driving variation in total GHG emissions.
Table 4.1 shows that emissions in the transport, industry, livestock, and forestry sectors tend
to be low when total emissions are low and tend to be high when total emissions are high. As
such, the uncertainties in emissions from these sectors are most important to total emissions
and the success of the NDP—reflecting that these sectors play a large role in both emissions

Figure 4.4
Total GHG Emissions in 2050, by Economic Growth Scenario
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NOTES: Orange shading indicates results that exceed the emissions threshold. Results for baseline assumptions are
indicated by the large circle. Horizontal boxes and whiskers indicate the median result and interquartile range
(25th and 75th percentile results) plus the extent of an extended range of results (1.5 times the IQR range). Low,
Base, and High Growth economic scenarios correspond to long-term average growth of 2 percent, 3.5 percent, and
4 percent growth per year.
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Table 4.1
Sector-Specific Median GHG Emissions in 2050 for Low Total GHG Emissions and High Total GHG
Emissions Cases

Median Sector Emissions for Low Total GHG Emissions Median Sector Emissions for

Sector (% of emissions for High Total GHG emissions) High Total GHG emissions
Transportation 0.47 (65%) 0.72

Electricity 0.05 (100%) 0.05

Buildings 0.23 (82%) 0.28

Industry 2.07 (73%) 2.83

Waste 0.97 (86%) 1.13

Agriculture 0.82 (94%) 0.87

Livestock 1.31 (76%) 1.72

Forestry -6.31 (+7% reduction)* -5.9

NOTES: * indicates that emissions that are more negative than for the High Total GHG emissions case, and thus
we report the additional reduction from the median result. Shaded sectors are those with significantly higher
median sector emissions for futures that lead to high total GHG emissions.

and emission reductions. Below, we focus our vulnerability analysis on these sectors. Because
of the similarity in emissions between the low and high emissions cases for the other sectors,
additional vulnerability analyses do not provide insight.

Transport Sector Emissions

In this section, we identify which assumptions are the most critical to emissions reductions in
transport. We define High Transport Emissions cases as those in which emissions are greater
than 10 percent of 2018 levels—0.57 MtCO2e—and then use scenario discovery to define
vulnerabilities. We first identify a set of most influential uncertainties from the initial set of
uncertainties using the C5.0 algorithm (Quinlan, 1993; Hornik et al., 2007). This process
identifies 39 out of 135 uncertainties related to transportation emissions. Next, we use the
Patient Rule Induction Method algorithm (PRIM; Lempert et al., 2006; Bryant and Lempert,
2010) to identify which of the 39 uncertainties are most critical and what combination of
assumptions lead to vulnerabilities. Using this approach, PRIM identifies three vulnerabilities
that together describe 76 percent of the High Transport GHG cases.

Vulnerability 1: “Low adoption of alternative fueled vehicles” This vulnerability
describes futures in which adoption of electric and hydrogen vehicles is low, leading to high
transport GHG emissions. The decarbonization actions in the NDP for the transport sector
would facilitate the switch from conventional vehicles to different types of alternative-fueled
vehicles. The analysis, however, identifies that the diffusion of two particular technologies is
critical for transport GHG emissions reduction (Figure 4.5):

* Low adoption of electric private vehicles: The share of private electric vehicles (includ-
ing taxis) falls below 90 percent by 2050 in this vulnerability. The range of variation of
this driver in our analysis is between 70 and 100 percent.
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Figure 4.5
Range of Uncertain Factors Defining the “Low Adoption of Alternative Fueled
Vehicles” Vulnerability

Adoption rate of electric private vehicles by 2050

70% 90% 100%

Mean growth of electric and hydrogen buses by 2050

0% 40% 82%

* Low conversion of busses to electricity and hydrogen: The average growth of electric
and hydrogen vehicles in public transport is less than 40 percent by 2050 in this vulner-
ability. The range of variation of this driver in our analysis is between 0 and 82 percent.

Over 70 percent of the futures that have low electric vehicle and hydrogen bus adoption
also have high transport emissions (greater than the threshold of 0.57 MtCO2e), and 40 per-
cent of the High Transport GHG Emissions cases have low electric vehicle and hydrogen bus
adoption. Therefore, this particular combination of future conditions represents a key risk to
the NDP’s emissions goal.

Two additional vulnerabilities describe much of the remaining risk.

Vulnerability 2: “Cheap and efficient conventional vehicles under high economic
growth”: This vulnerability describes futures in which GDP growth is strong (averaging 4 per-
cent per year), but decoupling of emissions and economic growth is hindered by conventional
vehicles remaining cheap relative to new electric and hybrid vehicles, and the fuel efficiency
of conventional vehicles is greater than expected. The availability of cheap and relatively effi-
cient conventional vehicles slows the adoption of electric and hybrid vehicles, leading to high
transport sector GHG emissions. Over 70 percent of the futures that have these characteristics
are vulnerable, and these futures describe another 20 percent of the High Transport GHG
Emissions cases. Specifically, the following vulnerability is defined by the following conditions

(Figure 4.6):

* High economic growth: Economic growth is high—4 percent per year growth—in this
vulnerability.

* Relatively expensive alternative vehicles: The relative cost of electric and hybrid vehi-
cles to conventional vehicles is high in this vulnerability (i.e., the cost ratio of electric and
hybrid vehicles to conventional vehicles is above 103 percent in 2050). The current (year
2018) ratio in the model is about 180 percent, with the alternative fuel vehicles costing
on average $39,000 for buses, $47,000 for SUVs, $25,000 for sedans, and $38,000 for
minivans.

* Relatively high fuel efficiency of conventional vehicles: The fuel efficiency of con-
ventional vehicles increases more than expected (60 percent more efficient by 2050 with
respect to current conditions—3.5 PJ per giga-vehicle kilometers) in this vulnerability.
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Figure 4.6
Range of Uncertain Factors Defining the “Cheap and Efficient Conventional Vehicles with High
Economic Growth” Vulnerability

Economic growth

Low (2%/yr) Moderate (3.5%/yr) High (4%/yr)

Cost ratio of alternative versus conventional vehicles

37% 103% 285%

Fuel efficiency of conventional vehicles

50% 60% 150%

Vulnerability 3: “Low electrification of private and freight transport with moder-
ate economic growth”: This vulnerability focuses on high emissions cases when economic
growth is moderate—around 3.5 percent per year. Under these conditions, emissions are high
when the relative costs of alternative fuel vehicles are high, as in Vulnerability 2, and adop-
tion of electric trucks is low. Sixty-one percent of the futures that display these conditions are
vulnerable, and these conditions describe another 17 percent of the High Transport GHG
Emissions cases. Specifically, the following vulnerability is defined by the following conditions

(Figure 4.7):2

* Moderate economic growth: Economic growth is moderate—3.5 percent per year
growth—in this vulnerability.

* Relatively expensive alternative vehicles: The relative cost of electric and hybrid vehi-
cles to conventional vehicles is high in this vulnerability (i.e., the cost ratio of electric and
hybrid vehicles to conventional vehicles is above 98 percent in 2050). The current (year
2018) ratio in the model is about 180 percent, with the alternative fuel vehicles costing
on average $39,000 for buses, $47,000 for SUVs, $25,000 for sedans, and $38,000 for
minivans.

* Low adoption of electric trucks: The adoption of electric light freight vehicles remains
below 92 percent by 2050 in this vulnerability. The range of variation of this driver in our
analysis is between 50 percent and 100 percent.

Together, these three vulnerabilities describe the key risks to achieving the needed decar-
bonization in the transport sector. Table 4.2 summarizes these vulnerabilities, and Appendix C
provides more detail on the methodology used and the specific definitions and statistics for the
transport emissions vulnerabilities.

2 This vulnerability excludes the high economic growth scenario, as most of those cases are included in Vulnerabilities 1

and 2.
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Figure 4.7
Range of Uncertain Factors Defining the “Low Electrification of Private and Freight Transport
with Moderate Economic Growth” Vulnerability

Economic growth

Low (2%/yr) Moderate (3.5%/yr) High (4%/yr)

Cost ratio of alternative versus conventional vehicles

37% 98% 285%

Adoption of electric light trucks

50% 92% 100%

Table 4.2
Major Transport Uncertainties and Definitions of Vulnerabilities

Vulnerability 3: “Low
Vulnerability 2: “Cheap Electrification of Private

Vulnerability 1: “Low and Efficient Conventional and Freight Transport

Uncertainties Relevant to Adoption of Alternative Vehicles Under High Under Moderate Economic

Transportation Fueled Vehicles” Economic Growth” Growth"”

Demand for transport N/A High economic growth: Moderate economic

(linked to economic growth) 4% average GDP growth  growth: 3.5% average GDP

growth.

Technological costs N/A Relatively expensive Relatively expensive electric
electric and hybrid vehicles: and hybrid vehicles: cost
cost ratio of electric ratio of electric and hybrid
and hybrid vehicles to vehicles to conventional

conventional fuel vehicles fuel vehicles above 98%
above 100%

Vehicle efficiencies N/A Relatively high fuel N/A
efficiency of conventional
vehicles: mean fuel
efficiency improvements of
diesel, gasoline, and LPG
vehicles higher than 60%

Growth of electric private Low growth in the adoption N/A Low adoption of electric

and freight transport* of electric private vehicles: trucks: share of electric light
share of electric private freight below 92%
transport in 2050 below
90%

Growth of hydrogen heavy Low growth in the adoption N/A N/A

freight* of hydrogen bus fleet:

share of hydrogen vehicles
in public transport in 2050
below 29%

NOTE: Variables not included in the vulnerabilities include the cost of fuels, infrastructure costs for electrification,
fuel changes, and modal changes; elasticities of demand for different modes of transport; growth of electric and
hydrogen public transport; and growth of share of non-motorized transport and public transport use.

* = uncertainties with respect to achievement of NDP targets.
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Industry, Livestock, and Forestry Emissions Vulnerabilities
We next use the PRIM algorithm to identify the important uncertainties and define the main
emissions vulnerabilities for the industry, livestock, and forestry sectors.

For industry, the key emissions vulnerability is related to the ability for Costa Rica to
decouple industrial activity and emissions. When industrial production is high (corresponding
to the high economic growth scenario and high industrial activity), it is essential that electri-
fication improvements are successful. When they are not, industrial emissions are higher than
is consistent with zero-net emissions for Costa Rica as a whole. Table 4.3 summarizes the key
uncertainties and vulnerability for the industrial sector.

For livestock, emissions are high when strategies targeted toward reducing emissions from
cattle operations are not as effective as intended, unless growth in the number of animals is
much lower than anticipated—consistent with the low economic growth scenario. Specifically,
if efforts to reduce cattle-enteric fermentation emissions are less effective, then emissions will
be high regardless of efforts decarbonizing other types of livestock or even the number of cattle
in the future. Table 4.4 summarizes the key uncertainties and vulnerability for the livestock
sector.

Lastly, in the forestry sector, low rates of sequestration (i.e., less negative emissions) would
occur under futures in which the sequestration rates of wet forests are lower than expected or

Table 4.3
Industry Uncertainties and Definition of Key Emissions Vulnerability

Industry Uncertainties “Low Industrial Emissions Decoupling” Vulnerability
Economic growth High economic growth (average 4% GDP growth per year)
Industrial value added High industrial value added (greater than $37.5 million by 2050)

[uncertainty range = $35 million-$54 million]

Increase in electrification of Less than 70 percent electrified [uncertainty range = 47%-73%]
industrial activity

NOTES: This vulnerability describes 75 percent of high emissions cases, and 69 percent of the cases described have
high emissions. Variables not included in the vulnerabilities include those related to the decarbonization rates of
cement and other industrial products, and energy efficiency rates. The 2050 industry emissions threshold is set at
2.65 MtCO2e.

Table 4.4
Livestock Uncertainties and Definition of Key Emissions Vulnerability

Livestock Uncertainties “Highly Emitting Cattle” Vulnerability

Economic growth Moderate to high economic growth: on average 3.5% or higher GDP
growth per year

Reduction in enteric fermentation Low reductions for:
emissions in cattle e dual purpose cattle (greater than 0.25 tonnes CO2e per animal [uncer-
tainty range = 0.04-0.80 tonnes CO2e per animal]);
* meat cattle (greater than 0.2 tonnes CO2e per animal [0.04, 0.77]); and
¢ milk cattle (greater than 0.2 tonnes CO2e per animal [0.04, 0.77])

NOTES: Variables not included in the vulnerabilities include the decarbonization rates of enteric fermentation for
non-cattle livestock, decarbonization rates for manure, and the number of animals. This vulnerability describes
91 percent of high emissions cases, and 51 percent of the cases described have high emissions. The 2050 livestock
emissions threshold is set at 1.65 MtCO2e.
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decline over time. This is because two key decarbonization strategies for forestry are (1) halting
the deforestation of primary forests (including wet forests, which have a high sequestration rate
and potential for deforestation) and (2) improving management to increase the current rate
of sequestration. Table 4.5 summarizes the key uncertainty and vulnerability for the livestock
sector.

Table 4.5
Forestry Uncertainties and Definitions of Key Emissions Vulnerability

Forestry Uncertainties "Low Sequestration Rates by Wet Forests” Vulnerability

Sequestration rates of wet forests Carbon sequestration rate for wet primary forests less than 2.7 tonnes CO2
per hectare [uncertainty range = 2.2-3.3 tonnes CO2 per hectare]

NOTES: Variables not included in the vulnerability include the rates of deforestation (separate factors between
different forest types and grasslands and agricultural lands), emissions from converting forests to grassland or
agricultural land, and sequestration rates from dry, moist, palm, and mangrove forests (primary and secondary
forests) and sequestration rates from secondary wet forests. This vulnerability describes 91 percent of high
emissions cases, and 53 percent of the cases described have high emissions. The 2050 forestry emissions threshold
is set at -5.91 MtCO2e.

Drivers of Low Net Benefits

We performed a similar vulnerability analysis to understand what conditions would lead to
low net benefits from the implementation of the NDP. We first examined the cases in which
total NDP net benefits are negative (the red symbols on Figure 4.2). There are only a few cases
(21), and they are all associated with cases in which the transport sector has low net benefits.
By examining the transportation assumptions for these 21 cases, we see that negative net ben-
efits cases occur when two adverse conditions exist simultaneously. Thus, this vulnerability
describes a unique set of adverse circumstances that can affect the NDP breaking even from
an economic perspective:

* High costs for several key technologies simultaneously: electric buses, freight, and rail,
combined with high penetration of electric freight. This leads to high investment costs
and thus contributes to low net benefits of the NDP.

* Low occupancy rates of taxis and slow development of electric bus lines. This leads to
more miles driven and thus more health, accident, and congestion costs, as well as higher
operations and maintenance costs for private transportation.

Importantly, if either of these conditions do not hold, then we estimate that benefits would be
positive.

Next, the analysis identifies sectors that might lead to low total NDP net benefits. An
examination of the distribution of sector net benefits for low NDP net benefits cases and high
NDP net benefits cases reveals that the variation in transportation net benefits is much greater
than that for all other sectors (not shown). For this reason, we must explore the uncertainty
around net benefits from the non-transport sectors independently.

Low Net Benefits from Transport Sector Decarbonization

We use the same approach presented in the previous section to analyze vulnerability conditions
associated with transportation net benefits. In this case, PRIM identifies two vulnerabilities
that together describe 68 percent of the Low Transportation Net Benefits cases.
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Transportation Net Benefits Vulnerability 1: “High-cost alternative vehicles under
low economic growth”: In this vulnerability, economic growth is low, which leads to lower
emissions without decarbonization and thus less opportunity for corresponding benefits from
emissions reductions. This is coupled with high costs for alternative vehicles, which pushes up
the cost of decarbonization. Fifty-two percent of the cases that display these conditions are vul-
nerable, and this vulnerability describes 41 percent of the low net benefits cases. It is defined

by the following conditions (Figure 4.8):

* Low economic growth: Average economic growth is low—2 percent per year—in this
vulnerability.

* Relatively expensive alternative vehicles: The relative cost of electric and hybrid vehi-
cles to conventional vehicles is high in this vulnerability (i.e., the cost ratio of electric and
hybrid vehicles to conventional vehicles is above 91 percent in 2050). The current (year
2018) ratio in the model is about 180 percent, with the alternative fuel vehicles costing
on average $39,000 for buses, $47,000 for SUVs, $25,000 for sedans, and $38,000 for

minivans.

Transportation Net Benefits Vulnerability 2: “Low use of public transportation,
high demand for freight, and expensive electric vehicles™ In this vulnerability, Costa Ricans
do not switch to using public transportation sufficiently enough, and also do not increase
shared private trips, leading to higher costs for providing private transportation. High demand
for freight transport leads to higher costs for electrifying that subsector. Lastly, costs of electric
vehicles are higher than expected. Fifty-six percent of the cases that display these conditions
are vulnerable, and this vulnerability describes 27 percent of the low net benefit cases. It is
defined by the following conditions (Figure 4.9):

* Relatively expensive alternative fuel vehicles: In this vulnerability, alternative fueled
vehicles remain relatively more expensive as compared to conventional fuel vehicles (i.e.,
the cost ratio of alternative fuel vehicles to conventional vehicles is above 123 percent).

* Low occupancy rates of private vehicles: Increases in ride sharing is low in this
vulnerability—the average number of passengers in private vehicles does not increase by
more than 32 percent by 2050, considering mean baseline conditions of 1.8 passengers
per vehicle.

Figure 4.8
Range of Uncertain Factors Defining the “High-Cost Alternative Vehicles Under Low Economic
Growth"” Vulnerability

Economic growth

Low (2%/yr) Moderate (3.5%/yr) High (4%/yr)

Cost ratio of alternative versus conventional vehicles

37% 91% 285%
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Figure 4.9
Range of Uncertain Factors Defining the “Low Use of Public Transportation, High Demand
for Freight, and Expensive Electric Vehicles” Vulnerability

Cost ratio of alternative versus conventional vehicles

35% 123% 285%

Occupancy rates of private vehicles

0% 32% 50%

Growth in public transport use

0% 18% 20%

Light freight demand

6.5 Gtkm 10.1 Gtkm 21.5 Gtkm

* Low growth in public transport use: Futures in which growth in public transport use
remains below 18 percent by 2050.

* High light freight demand: Futures in which demand for light freight transportation is
above 10.14 gross tonne kilometers (Gtkm; considering 12.5 percent less demand from
baseline conditions).

Together, these two scenarios describe the key risks for achieving substantial positive net
benefits through the NDP. Table 4.6 summarizes these vulnerabilities, and Appendix C pro-
vides more detail on the methodology used and the specific definitions and statistics.

Other Sector Net Benefits

Next, we identified which uncertain conditions would lead to low net benefits for the non-
transport sectors. For this analysis, we used the PRIM algorithm to identify which variables
across the seven non-transport lines of action would contribute to low non-transport net
benefits—lower than $11.6 billion, the 25th percentile value for the net benefits for the non-
transport sectors. We consider the following types of uncertainties:

* economic conditions per the economics growth scenarios (3 factors)

* emissions from each of the non-transportation lines of action reflecting all uncertainties
described in Table 2.16 (7 factors)

* benefit factors (27 factors: total across the seven lines of action)

e cost factors (20 factors: total across the seven lines of action).
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Table 4.6
Uncertainties and Definitions of Vulnerabilities for Low Transportation Net Benefits

Vulnerability 2:

Vulnerability 1: “Low Use of Public Transportation,
Uncertainties Relevant to "High-Cost Alternative Vehicles High Demand for Freight, and
Transportation Under Low Economic Growth” Expensive Electric Vehicles
Demand for transport (linked to Low economic growth: 2% average High light freight demand: light
economic growth) GDP growth freight demand higher than 10.14
Gtkm
Technological costs Relatively expensive electric and Relatively expensive electric and

hybrid vehicles: cost ratio of electric hybrid vehicles: cost ratio of electric
and hybrid vehicles to conventional and hybrid vehicles to conventional
fuel vehicles above 91% fuel vehicles above 123%

Vehicle efficiencies N/A Low occupancy rates of private
vehicles: growth in occupancy rates
of SUVs, sedans, and minivans lower
than 133%

Growth of share of non-motorized N/A Low growth in public transport use:
transport and public transport use* public transport use below 18%

NOTES: Variables not included in the vulnerabilities include the cost of fuels, Infrastructure costs for
electrification, fuel changes, and modal changes; elasticities of demand for different modes of transport; and
growth of electric and hydrogen public transport.

Of all the uncertainties evaluated, the variation in non-transportation net benefits is
largely driven by two key uncertainties. First, uncertainty around benefits from primary
wet forests’ ecosystem services (forestry line of action) is important because our model esti-
mates large benefits accruing from preserving and improving the management of primary
forest (about $20 billion across all forest types under baseline assumptions). Estimating eco-
system services benefits is also highly imprecise. Second, uncertainty around the cost of effi-
ciency and electrification of commercial buildings is important because this factor leads to
a large cost category (greater than $2 billion), and our estimation is also rough and thus highly
uncertain. Uncertainties around other factors are dominated by these two identified factors.
Recall that the net benefit from the NDP as a whole is driven primarily by transportation, as
described above.

Low ecosystem services benefits or high cost of commercial efficiency and electrification
alone could lead to low net benefits. However, facing both conditions together would likely
lead to low net benefits for the non-transport sectors. Table 4.7 summarizes the quantitative
vulnerability analyses that identified these uncertainties.

Summary of the National Decarbonization Plan Vulnerabilities

This chapter has presented analyses of the benefits and costs of the Costa Rican NDP under a
wide range of plausible assumptions about the future.

First, achievement of zero net emissions would only happen with the implementation of
the NDP. There are no futures in which emissions decline sufficiently without decarbonization
policies and investments. The analysis confirms, though, that higher economic growth leads
to higher emissions, all else being equal. This would occur even with increased decoupling of
emissions and economic growth. However, the analysis also tells us which aspects of the NDP
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Vulnerability

Threshold(s) and Range(s)

Statistics

“Low value of ecosystem services for Less than $20,000 per hectare per

wet primary forests” vulnerability

year: Range = [15,000-30,000 $/ha
per year]

Explains 70 percent of low net
benefits cases (coverage); almost
60 percent of cases are low net
benefit cases (density)

"High costs for commercial
efficiency improvements and
electrification” vulnerability

Greater than 0.7% of commercial
value: Range = [0.1%-1.5% of
commercial value]

Explains 77 percent of low net
benefits cases (coverage); almost
37 percent of cases are low net

benefit cases (density)

Less than $21,000 per hectare
per year: Range = [15,000-
30,000 $/ha per year];
Greater than 0.7% of
commercial value:

Range = [0.1%-1.5% of
commercial value]

Explains 59 percent of low net
benefits cases (coverage); almost
73 percent of cases are low net
benefit cases (density)

“Low value of ecosystem services for e
wet primary forests + High costs for
commercial efficiency improvements
and electrification” vulnerability o

would need to be particularly effective in ensuring sufficient decoupling and emissions reduc-
tions with significant net benefits to the economy.

In the transport sector, our analysis suggests that Costa Rica needs to pay attention to
uncertainties around both the drivers of emissions, costs, and benefits and those affecting the
implementation of the NDP itself. Avoiding or managing specific conditions described below
can help ensure that the NDP is more resilient against rapid technological change and current
volatile economic environment.

Of the 91 uncertain drivers we considered in the analysis, we find two technological and
two socioeconomic trends as the most relevant in the transport sector:

* cost of alternative fuel vehicles

* fuel efficiency of conventional fuel vehicles
* demand for light freight transport

* use of public transportation.

If the costs of alternative fuel vehicles are high or the fuel efficiency of conventional fuel
vehicles is high, then uptake of alternative fuel vehicles will not be sufficiently large to lead to
the necessary emissions reduction in the transport sector. In addition, conditions that would
lead to low net benefits by transport actions include high costs of alternative fuel vehicles, high
demand for light freight transport, and low use of public transport. These conditions lead to
both higher costs to achieve the needed decarbonization and lower benefits, since there is less
of a transition away from private vehicles that lead to greater externalities (i.e., accidents, pol-
lution, and congestion).

The analysis also finds that the effectiveness of the following decarbonization actions are
critical to achieving decarbonization goals and positive net benefits:

* the electrification of private transport
* the adoption of electric and hydrogen-based technologies in public transport
* the electrification of light freight.
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There is an important interplay between the uncertain factors identified above and eco-
nomic growth. For instance, in the case of emissions reduction, both the electrification of
private transport and the use of hydrogen in public transport contribute to reduce emissions
in the transport. However, under high economic growth, if alternative fuel vehicles remain
expensive and the fuel efficiency of conventional vehicles improves substantially, the transi-
tion away from fossil fuels in the transport sector will become more challenging, as will Costa
Rica’s efforts to reduce emissions in the long term. Similarly, for the case of net benefits, we
find that if alternative vehicles remain expensive and the economy is growing at a slower rate,
the NDP would still lead to positive net benefits. The net benefits would be lower, though,
than when economic growth is larger and there is more opportunity to reduce the transporta-
tion externalities that accompany increased demand for transportation.

For the other sectors, the NDP may not achieve zero or close to zero net emissions if the
industrial and livestock emissions rates are not low enough to compensate for high economic
activity. Further, the success of the NDP emissions reduction rests on assumptions around the
decarbonization potential of forests. Specifically, if the sequestration of primary forests is lower
than we expect, or declines over time, then the forestry sector may not increase sequestration
sufficiently to achieve economy-wide net zero emissions. There is also some risk that the ben-
efits from decarbonization will be low—specifically if the benefits from ecosystem services
provided by wet primary forests are low or the costs of electrifying and increasing energy effi-
ciency of commercial buildings are high.
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This analysis of the benefits and costs of Costa Rica’s NDP suggests that achieving net zero
emissions is possible and could lead to large net benefits over the next thirty years. There is
significant uncertainty in this projection, but we find that under most plausible futures, this
outcome would come to pass. The findings from this study are important for many aspects of
Costa Rica’s decarbonization efforts. First, they may help build support for implementing the
NDP. Next, they provide information that can guide the implementation of the NDP. Lastly,
the tools and methods from this study are being used to inform Costa Rica’s updated decar-
bonization commitment to the international community.

Building Support for the National Decarbonization Plan

First, this study’s findings may be useful in building support for the NDP. By demonstrat-
ing that reducing emissions also leads to benefits to Costa Ricans, this analysis helps to justify
the initial expenditures. A deeper evaluation of who benefits from decarbonization would be
useful in the coming years to ensure that benefits are equitably distributed across all groups
and sectors. Establishing that benefits will likely exceed costs can also help attract foreign
investment to help finance various aspects of the NDP, such as improving efficiency in the
industrial sector. Lastly, while the costs associated with decarbonization in the near term will
require the raising of funds internally and externally, these investments could also yield impor-
tant short-term economic benefits as Costa Rica recovers from the COVID-19 pandemic.

Guiding the Implementation of the National Decarbonization Plan

We identified a small set of key risks to successful implementation, and these findings provide
some important guidance for the implementation of the NDP. In particular, the analysis
points to potential hedging and shaping actions (Dewar, 2002; Marchau et al., 2019). Hedg-
ing actions, in this context, are actions that reduce the sensitivity of the NDP to the identified
uncertainties. Shaping actions are those that ensure particular unfavorable conditions do not
occur in the first place.

Our analysis of the transport sector further validates the importance of several principles
established in the NDP. First, the successful development of the public transportation system
and resulting shift of mobility away from private vehicles is key to ensuring emissions reduc-
tions goals are not missed or achieved at high costs. This will require Costa Rica to be adaptive
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as it deploys investments and policies to induce the shift away from private transportation and
toward public transportation. This could require revisiting plans for bus routes and adjusting
incentives in response to actual ridership.

Next, the analysis highlights the importance of not idly waiting for technological advance-
ments to occur and diffuse through Costa Rica’s economy. Successful implementation of the
NDP will require declining prices for alternative vehicles, and the Costa Rican government
should monitor these trends carefully and adjust incentives and targets to different technolo-
gies accordingly. If costs for electric cars are declining slowly, the NDP might speed up its
investments in public transportation. Costa Rica may also benefit from becoming more active
in the development and production of some of these technologies, taking advantage of its rela-
tively highly educated workforce and other high technology industries (“Costa Rica: A Haven
for High Tech Investment,” 2017).

The analysis also highlights the importance of aggressively pursuing decarbonization in
the near term. The risks and benefits of the NDP are higher if economic growth is greater, and
the more quickly Costa Rica’s economy grows, the more important decarbonization becomes.
For example, growth in Costa Rica’s industries must be accompanied by concurrent efficiency
improvements and the promotion of circular economy concepts, which can naturally and prof-
itably reduce emissions.

Lastly, the analysis highlights the tremendous decarbonization opportunities in the land-
use sector. The largest and least expensive gains can be made by halting deforestation of intact
primary forests in order to preserve the valuable ecosystem services. Improving forest man-
agement, as well as agricultural and livestock practices, will be critical to the success of the
NDP. Costa Rica will likely need to experiment with a range of policy instruments to ensure
that these improvements are sustained over the coming decades. The benefits to Costa Rica,
however, are great, with large employment opportunities, productivity gains, and increased
ecosystem services.

Further developing these hedging and shaping concepts could be usefully incorporated
into the next update of the NDP. As the NDP develops, it should further define emissions
reduction targets for each sector, but it should also indicate whether and when such targets
should be revised. For example, the transition rate from conventional to alternative fueled
vehicles could be connected to the relative cost of alternative vehicles. Faster cost declines of
electric vehicles could trigger a faster transition, and vice versa. The targets for other sectors
would then adjust to compensate, thus ensuring the achievement of net zero emissions while
managing upfront costs. As another example, Costa Rica will learn through experience the
actual costs of improving agricultural and forestry practices to decrease GHG emissions and
increase carbon sequestration. If costs are lower than expected, then expanded decarbonization
efforts in these sectors would be warranted.

Updating Costa Rica’s Nationally Determined Contribution

This work also can help Costa Rica update its Nationally Determined Contribution (NDC)
under the Paris Agreement. This update is under development, to be completed by December
2020. The models and analysis from this study are helping support stakeholder discussion
about how to revise sector targets to best maximize the potential benefits—in particular, near-
term employment and economic outcomes, which are so critical as Costa Rica recovers from
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the COVID-19 pandemic. For example, our analysis suggests that more emissions avoidance
and carbon sequestration in the land-use sectors could compensate for some potentially expen-
sive portion of buildings and industrial decarbonization. Figure 5.1 provides a snapshot the
interactive tool developed to help stakeholders provide input on key assumptions used in this

study. This platform could be updated to support the NDC process.

Figure 5.1
Starting Screen of Interactive Tool for Reviewing Modeling Assumptions for This Study
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SOURCE: This is a screenshot of Groves et al., “Evaluation of the Benefits and Costs of Decarbonization in Costa
Rica,” 2020. This interactive tool can be accessed at https://www.rand.org/pubs/research_reports/RRA633-1/
visualization.html.

Improving on the Limitations

There are important limitations to this work that could be usefully improved upon in the
coming months and years. While the model of the transportation and electricity sector is
quite advanced, the models developed to represent the other sectors are coarse and should
be improved. This will require additional data, but it would also enable the representation of
specific decarbonization actions and support the optimization of these actions over time as
conditions evolve. The RDM methodology used for this study is designed to be iterative. As
new models are developed and integrated into the framework, it will be straightforward
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to update the simulations, analysis, and key findings in a timely way. By the end of 2020, for
example, a new and more detailed land-use model will be integrated into the modeling system,
and this will support a deeper look into the opportunities and risks to decarbonizing in the
land use sectors.

Contributing to a Larger Policy Agenda on Decarbonization

Lastly, this work also fits into a larger research and policy agenda informing decarboniza-
tion throughout Latin America. Specifically, the way of approaching policy analysis that is
(1) participatory, (2) accounts for uncertainty through the evaluation of futures, and (3) con-
siders trade-offs across various performance sectors and uncertainty is being used elsewhere in
Costa Rica and Latin America. The tools, data, and local capacity from this study have already
been used for a targeted analysis of Costa Rica’s proposed electric train to inform governmen-
tal decisions on an approximately $500 million loan for the project (Direccién de Cambio
Climdtico). The same RDM approach as developed for this study for evaluating national
decarbonization strategy is also underway in Chile, Perti, and Colombia.
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Appendix A. Modeling Details and Sector Benefit and Cost
Factors

This appendix provides additional details about the models developed to estimate Costa Rica
greenhouse gas (GHG) emissions and the benefits and costs of implementing the National
Decarbonization Plan.

Transport Sector (Lines 1-3)

@ The transport sector is modeled using an open-source energy system
G}o) modeling platform—OSeMOSYS-CR'—which was configured to
represent the Costa Rican electricity and transport sector by University of
Costa Rica researchers. As part of this effort, we developed a set of

assumptions to reflect future uncertainties. To integrate this model into the
CR-IDPM framework, previously independent estimates of electricity demand by non-transport
sectors were replaced by links to the other sector models. We also included variations in demand
for transport that are consistent with three economic projections from the Costa Rica IEEM.

Projecting Transport Emissions, Benefits, and Costs

Because of the level of sophistication of the OSeMOSY S-CR model, there are many
assumptions used to estimate future transportation emissions under “without decarbonization”
conditions. Key assumptions include those about

the cost of fuels?

infrastructure costs for electrification, fuel changes, and modal changes
technological costs

elasticities of demand for different modes of transport

new technology adoption rates.

To model the effects of the NDP on transportation emissions, we defined factors that affect
the growth of the following parameters:

growth of electric public transport
growth of hydrogen public transport
growth of electric private transport
growth of electric light freight

! Details of the 0SeMOSYS-CR model are in Electric Power and Energy Research Laboratory (EPERLab), 2020.

2 All costs in the main report and these appendixes are in U.S. dollars.
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growth of electric heavy freight

growth of hydrogen heavy freight

growth of share of public transport use
growth of share of non-motorized transport.

Figure A.1 shows the baseline key assumptions driving estimates of GHG emissions with and

without the NDP for the public transport sector.?> Go to the URL in the figure notes to view the
interactive visualizations for all three transportation subsectors, and to see estimates of

associated emissions.

Figure A.1. Interactive Visualization of Key Transport Assumptions and Sources

Driver (Units)

International Price
of Gasoline (M
USD/PJ)

Passenger
Demand (Gpkm)

Modal Shift (%)

Uptake of
Non-Motorized
Transport (%)

Cost of Electric
Private Vehicles
(USD/Vehicle)

Electrification of
Public Transport
Fleet (%)

(1) Public Transport Parameters

20

100

50

0K
100

50

Strategy

BAU NDP

39

12 As BAU

84

40 40 I

34.7K

19.5K

As BAU

95

0 0 0

2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050

Year Year

NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
baseline assumptions of the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP”

estimate.

3 In the main report, we use the terms “without decarbonization” and “with implementation of the NDP” to denote
our two estimates. In the interactive tool we developed (“Evaluation of the Benefits and Costs of Decarbonization in
Costa Rica,” 2020), the “without decarbonization” estimate is labeled “BAU” (for “baseline assumptions™), and the
“with implementation of the NDP” estimate is labeled “NDP.”
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Quantifying Benefits

Transportation benefits include

reduced social cost of carbon emissions, which reflect country-specific climate impacts
reduced health impacts from pollution

reduced medical costs from accidents

improved productivity from reduced congestion.

Table A.1. Benefit Factors for the Transport Sector

Benefit

Factor

Baseline Assumption and
Range

Sources

Reduced climate
change impacts
from emissions
(reduced social
cost of carbon)

Social cost of GHG
emissions estimated for
Costa Rica

[$0.36, $0.61, $1.04] per ton
CO2e

Ricke et al., 2018a, 2018b.

Health savings
from reduced
emissions

Cost per ton of pollutant per
quantify of fuel consumed

$0.0263 per liter (gasoline)

$0.3141 per liter (diesel)

Coady et al., 2019, p. 39.

Reduced medical

Death costs (CD) $738,130

$56.19 million per Gpkm

COSEVI, 2017.

productivity from
reduced
congestion

per vehicle type

motorcycles)

$0.09 per vkm (heavy vehicles)

costs from and cost of an injury (Cl) (private vehicles)
accidents $179,260 from technical
reports provided by the $1.27 million per Gpkm
government of Costa Rica, [ (public transport vehicles)
adjusting for (1) numbers of
deaths and injuries per $555.55 million per Gpkm
vehicle type and (2) the (motorcycles)
entire country (CD and Cl
are for the Great
Metropolitan Area)
Improved Congestion caused per vkm, | $0.046 per vkm (light vehicles and | Ministerio de Ambiente y

Energia, Ministerio de
Vivienda y Asentamientos
Humanos, and Ministerio de
Planificacién Nacional y
Politica Econémica, 2017.

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Estimating Costs

The OSeMOSYS-CR model estimates costs for the transport sector through a large set of

cost parameters reflecting up-front investment costs and maintenance costs. A complementary

detailed cost analysis (Haro et al., 2019) provides estimates that are based on a different

methodology yet similar results.




Electricity Sector (Line 4)

The electricity sector in Costa Rica is currently almost completely
renewable, due to high levels of installed hydropower and some geothermal,
wind, and solar development. The NDP includes actions to achieve and ensure
100 percent renewable capacity to support electrification of transport and
industry. The electricity sector is modeled using the same open-source energy

system modeling platform—OSeMOSY S—that was configured to represent the Costa Rican
electricity and transport sector by University of Costa Rica researchers. Electricity demand is
estimated independently for the building, industrial, and agricultural sectors outside of the
0SeMOSYS-CR model. Historical and projected baseline assumption electricity demands were
generated using data from Gallardo (2018). These demand estimates are passed to the
0SeMOSYS-CR model, which also estimates electricity demand from the transport sector.
0SeMOSYS-CR then determines how the electricity demand is satisfied by renewable and
carbon-based electricity generation sources, and estimates any corresponding GHG emissions.

Projecting Electricity Sector Emissions

The OSeMOSYS-CR model includes estimates for the amount of renewable electricity
generation capacity and GHG emissions factors to represent Costa Rica’s existing nonrenewable
electricity generating facilities.

0SeMOSYS-CR includes assumptions about additional renewable capacity that would be
developed as part of the NDP to ensure that the electricity sector is 100 percent renewable
through 2050. Figure A.2 shows the baseline key assumptions driving estimates of GHG
emissions with and without the NDP for the electricity sector. Go to the URL in the figure notes
to view the interactive visualization.



Figure A.2. Interactive Visualization of Key Electricity Sector Assumptions and Sources

(4) Electricity Parameters

Q
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NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP” estimate. GW = gigawatts.

Quantifying Benefits

There are a variety of benefits from maintaining the very high level of renewables in the
electricity sector, including avoiding the need to import expensive fuels and emissions-related
impacts. For this analysis, we quantify benefits related to reducing the social cost of carbon
emissions and reducing health impacts from avoiding the use of nonrenewable electricity
generating sources. Benefits to electricity users from switching to low-cost electricity are
accounted for within the electricity-using sectors. For all sectors, we also combine the change in
GHG emissions with and without the NDP and with a cost of carbon factor derived from the
literature. The nominal value is $0.608 per ton carbon dioxide equivalent (CO2e).

Table A.2. Benefit Factors for the Electricity Sector

Baseline Assumption

Benefit

Factor

and Range

Sources

Reduced climate change impacts
from emissions (reduced social cost
of carbon)

Social cost of GHG emissions
estimated for Costa Rica

[$0.36, $0.61, $1.04] per
ton CO2e

Ricke et al.,
2018a, 2018b.

Health savings from reduced
emissions

Cost per ton of pollutant per
quantify of fuel consumed

$0.0263 per liter
(gasoline)

$0.3141 per liter (diesel)

Coady et al.,
2019, p. 39.

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Estimating Costs

The OSeMOSYS-CR model estimates costs for the electricity sector through a set of cost

parameters reflecting up-front investment costs and maintenance costs.
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Table A.3. Electricity Sector Cost Factors

Description Factor Value Source
Costs to increase | Cost per PJ (historic average $29.23 million per PJ ICE, 2017.
transmission or based on Instituto Costarricense de

distribution Electricidad [ICE] data). The cost

capacity per unit | for transmission and distribution is

energy assumed equal as a reference,

although the literature suggests
distribution expansions have higher

costs.
Costs of additional | Cost per added PJ production $2,463.28 million per PJ ICE Data and International
power plant capacity in 2020 (or 2050). (biomass) Renewable Energy
capacity Agency (IRENA)

For solar and wind, the cost $1,269.78 million per PJ projections

trajectories are taken from IRENA | (diesel)
(2017, 2019), as well as an
additional cost of storage per unit of | $4,650.33 million per PJ
capacity. The remaining plant types | (fuel oil)

are overnight costs from the
TIMES-CR model (DecisionWare $7,828.28 million per PJ
Group LLC, 2017), which used ICE | (geothermal)

data.
$8,241.97 million per PJ
(hydro dam)

$4,385.15 million per PJ
(hydro run of river)

$1,900 (1,553.5) million per
PJ (solar)

$2,500 (2,153) million per PJ
(wind)

NOTE: Costs inside parentheses are costs for 2050.

Buildings Sector (Line 5)

The building sector model estimates GHG emissions from residential

and commercial buildings. Emissions from residential buildings are
calculated by combining estimates of the number of households with
‘m‘ estimates of per household energy use rates, percentage of energy use

met by electricity, and per-household carbon factors for non-electricity
energy use. Stationary emissions from commercial buildings are calculated by combining
estimates of commercial economic activity with estimates of energy use rates, percentage of
energy use met by electricity, and per-dollar value-added carbon factors for non-electricity
energy use.

Projecting Building Emissions

The basic equation used to estimate future emissions from buildings is:



E. = Atdt(l - At)ft

where:

e F =emissions [MtCO2e]

e A = number of households; value of commercial output [millions of $]

e d=energy demand per activity by sector [PJ per hour or PJ per million $]

e f=stationary emissions factor (e.g., from cooking [MtCO2e/PJ])

e /= fraction of energy in from electricity [0 <A < 1]

e {=time slice.

Estimates of the number of houses in the future are developed using a historical relationship
between the number of households, gross domestic product (GDP), and population. We combine
the population projection from the IEEM (very modestly scaled to match the World Bank [2017]
population estimate) with GDP projections from the IEEM and the historical relationship to
estimate future numbers of houses. Future commercial economic activity is estimated by
applying sector-based growth rates from the IEEM to recent World Bank value added estimates.

Energy demand from households and commercial activity is partitioned between the portion
met by electricity and the portion met by on-site fossil-fuels, such as natural gas. Electricity
demand is passed to the electricity sector model (OSeMOSY S-CR) and stationary emissions
associated with non-electricity energy demand is modeled through emissions factors. Emissions
from commercial buildings are calculated by combining estimates of commercial economic
activity from the IEEM with estimates of energy use rates, percentage of energy use met by
electricity, and carbon factors for non-electricity energy use.

Figure A.3 shows the baseline key assumptions driving estimates of GHG emissions with and
without the NDP. Go to the URL in the figure notes to view the interactive visualizations, which
include estimates of emissions and ranges for the inputs.
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Figure A.3. Interactive Visualization of Key Buildings Sector Assumptions and Sources
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0
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NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP” estimate.

Quantifying Benefits

Benefits to reducing GHGs in the building sector include those related to reducing the social
cost of GHG emissions and cost savings related to switching from natural gas and propane to

lower-cost electricity. The parameters used for these benefits calculations are summarized in
Table A.4.



Table A.4. Benefit Factors for the Buildings Sector

Benefit

Factor

Baseline Assumption and
Range

Source

(reduced social cost of
carbon)

Reduced climate change
impacts from emissions

Social cost of GHG
emissions estimated
for Costa Rica

[$0.36, $0.61, $1.04] per ton
CO2e

Ricke et al., 2018a, 2018b.

Energy cost savings to
building operators from
switching to low-cost

commercial buildings)

Difference in energy
costs between
electricity and non-

electricity (residential and | electricity sources

Electricity: (2018) $0.14 per kWh;

(2050, without decarbonization)
$0.06, $0.08, $0.12] per kWh;
(2050, with NDP) [$0.03, $0.05,
$0.08] per kWh

LPG: (2018) $13.4 million per PJ;

(2050) [$10.1, $20.3, $30.1]
million per PJ

Electricity costs are
calculated by OSeMOSYS-
CR.

Non-electricity energy prices
are proxied by propane and
butane cost projections from
RECOPE'’s “Precios
Histéricos” (RECOPE,
undated).

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Cost estimates for the buildings sector decarbonization actions are based on a single per

household cost estimate for improving efficiency and electrification of households, and cost per

commercial value added for improving efficiency and electrification of commercial buildings.

Both of these factors are highly uncertain.

Table A.5. Building Sector Cost Factors

Baseline Assumption and

Cost Factor Range Source
Costs for improving Cost per [$400, $575, $850] per Baseline value based on estimate for
efficiency and household household increasing household efficiency, increased by
electrification of about 3 times to account for electrification:
households Institute for Electric Efficiency, 2011, Table 2,

p. 14.

Range: author judgment.
Costs for improving Cost per [0.1%, 0.5%, 1.5%)] value No source available, so we used a wide
efficiency and commercial added in 2020 range with baseline assumption of 0.5
electrification of value added percent.
commercial buildings |[in 2020

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Industry Sector (Line 6)

The industrial sector model estimates GHG emissions from energy used as
inputs into the industrial sector (electricity and non-electricity), emissions
released from industrial processes (e.g., CO2 releases from cement
manufacturing), and emissions from the use of industrial materials, such as
refrigerants and electronics. Recycled raw materials, such as glass and metals,

are assumed to replace the production of virgin materials. The emissions savings from recycling

A-9




versus virgin production of materials are captured in the waste sector, as a negative emissions
associated with the recycled waste. This representation of the “circular economy” ensures that
emissions savings are not double counted.

Projecting Industrial Emissions

Energy input emissions are projected by combining estimates of industrial, manufacturing,
and mining activity (in terms of economic value added) from the IEEM with estimates of the
energy demand per value added, the percentage of energy that is provided by sources other than
electricity, and a GHG emissions factor for non-electricity energy use. Emissions associated with
electricity use are captured in the electricity sector.

Process emissions are estimated for the four major emitting activities—the manufacture of
cement, glass, lime, and carbide. Recent production estimates of cement are derived from the
U.S. Geological Survey (undated). Cement emissions factors are calibrated to Costa Rica
industrial conditions by dividing recent emissions estimates from the BUR by the production
estimates. Glass, lime, and carbide emissions factors are estimated by dividing recent emissions
from the BUR by 2015 manufacturing (glass and carbide) or construction and mining (lime)
value added estimates from the World Bank (2020). Forward projections of production (for
cement) and value added (for glass, lime, and carbide) are based on outputs from the IEEM.

Use emissions include those related to the use of chemicals and equipment across the
industrial sector. We model emissions from the use of refrigeration and air conditioning, sodium
carbonate, oil and lubricants, aerosols, electronic equipment, paraffin waxes, and fire suppression
chemicals. Use of these chemicals and equipment are projected to increase proportionally as
industrial value added estimates from the IEEM. These estimates are combined with GHG
emissions factors that are estimated by dividing recent use emissions estimates from the BUR by
recent industrial value added estimates.

The basic set of equations used to estimate future industrial emissions is:

E, = I, + U, + pPther 4 prement

Where:
It = Atdt(l e )Lt)f;l'-
Ug = A1y
Pother = Z Ay Ty
i
and
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where

e F =emissions [MtCO2e]

e A =value of industrial production (from [IEEM—A:i is value added by industry) [million
$]

e [=-emissions from industrial energy use [MtCO2e]

P°™er = process emissions for non-cement industries [MtCO2e]

Peme = process emissions for cement [MtCO2e]

e U =emissions from industrial product use (refrigerants, electronics, hydrofluorocarbons,

oil and lubricants, etc.) [MtCO2e]

d = energy demand per activity [PJ per million $]

f=industrial energy emissions factor per energy demand [MtCO2e per PJ]

m = production emissions factor for cement [MtCO2e/Kt cement produced]

p = cement production per activity [Kt cement produced per million $]

r = process emissions factor for industry i [MtCO2e per million $]

A = fraction of energy in from electricity [0 <A < 1]

i = industry [i = glass production, lime, carbide]

t = time slice.

We model process emissions by combining estimates of future production with carbon
emission factors. Estimates of future production are derived from estimates of future production
value from the IEEM for cement, glass, and lime. We model emissions from energy inputs into
the industrial sector (electricity and non-electricity) by estimating the total energy requirements,
the share of energy met by electricity, and non-electricity carbon emission factors. Lastly, we
model emissions from the use of industrial products, such as lubricants and refrigerants, by
combining industrial production value estimates with emissions per economic value factors.

Figure A.4 shows the key assumptions driving estimates of GHG emissions with and without
the NDP. Go to the URL in the figure notes to view the interactive visualizations, which include
estimates of emissions and ranges for the inputs.



Figure A.4. Interactive Visualization of Key Industry Sector Assumptions and Sources

Industry Sector Parameters
Strategy
Subsector Driver (Units) BAU NDP
5.0K
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0K
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Non-Electrical Energy (% relative
to BAU 2050) o 0.0 0.0
60.0
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Year Year

NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP” estimate.

Quantifying Benefits

Benefits to reducing GHGs by the industrial sector include those related to reducing the
social cost of GHG emissions, health savings from reduced pollutants from the use and
combustion of fossil fuels, and cost savings from switching to lower cost electricity.



Table A.6. Benefit Factors for the Industrial Sector

Benefit

Factor

Baseline Assumption and
Range

Source

Reduced climate
change impacts from
emissions (reduced
social cost of carbon)

Social cost of GHG
emissions estimated
for Costa Rica

[$0.36, $0.61, $1.04] per ton
CO2e

Ricke et al., 2018a, 2018b.

Health savings from
reduced emissions

Cost per ton of
pollutant per quantity
of fuel consumed

$0.0263 per liter (gasoline)

$0.3141/ per liter (diesel)

Ministerio de Ambiente y Energia,
Ministerio de Vivienda y
Asentamientos Humanos, and
Ministerio de Planificacién Nacional
y Politica Econémica, 2017.

Cost savings to
industrial producers
from switching to low-
cost electricity

Difference in energy
costs between
electricity and non-
electricity sources

Electricity: (2018) $0.14 per
kWh; (2050, without
decarbonization) $0.06, $0.08,
$0.12] per kWh; (2050, with
NDP) [$0.03, $0.05, $0.08] per
kWh

LPG: (2018) $13.4 million per
PJ; (2050) [$10.1, $20.3,
$30.1] million per PJ

Electricity costs are calculated by
0OSeMOSYS-CR.

Non-electricity energy prices are
proxied by propane and butane
costs projections from RECOPE’s
“Precios Histéricos” (RECOPE,
undated).

Industrial productivity
improvement due to
process and energy
efficiency

Percentage value
increase as a
function of percent of
GHG emissions
reduced

[10%; 33%; 45%]

Example: 33% indicates that
for every 10% GHG emission
reduction, there would be a
3.3% value improvement

No source available, so used a wide
range with baseline assumption of
33%. Informed by Wang et al.
(2020), Rissman et al. (2020), and
Talaei et al. (2019).

Cost savings from
processing recycled
glass and metal in
lieu of virgin
production

Accounted for in the waste sector

Estimating Costs

Costs for implementing the NDP plan industrial actions are approximated by those required

to reduce emissions from cement—the largest source of emissions.
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Table A.7. Costs Factors for the Industrial Sector

Cost

Factor

Baseline Assumption
and Range

Source

Costs of reducing
emissions from
cement
manufacturing

Additional cost to produce
cement. Includes programs
to increase blended
materials, improve energy
efficiency, heat recovery
and carbon capture
technologies.

[$30, $88, $176] per ton of
cement

Cement upper bound: Fischedick et
al., 2014, Chapter 10, p. 768.

Cement lower bound: McKinsey &
Company, 2010.

Cost of reducing
industrial product
use emissions

Percentage of industrial
value

[0.3%, 0.5%, 1.5%)] of
industrial value at full
implementation (2050)

No source available, so we used a
wide range with baseline
assumption of 0.5 percent.

Cost of increasing
energy efficiency

Cost of energy efficiency
often expressed in terms of
$ per saved energy.

[$3, $5, $10] per GJ

United Nations Industrial
Development Organization (2014)
shows a cost curve for industrial
energy efficiency from China. The
range of actions are between close
to $0 to $9 per GJ saved.

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Waste Sector (Line 7)

) Sm—
N

GHG emissions savings from the waste sector can be achieved by

reducing emissions that are emitted by solid and liquid waste as they

decompose and/or are treated. They can also be achieved by introducing back

into the economy raw materials that otherwise would need to be obtained

from virgin sources through GHG emitting processes. We model both these

pathways using a well-established methodology described in the Guidelines for National

Greenhouse Gas Inventories (Intergovernmental Panel on Climate Change, 2006). The model

considers

solid waste generated on a per capita basis
liquid domestic and industrial waste generated on a per capita basis
solid industrial waste generated on a per output basis
net GHG emissions factors that account for the avoided emissions from virgin materials

replaced by recycled or composted content.

The amount of waste generated from the residential sector is proportional to population, and

the amount of waste generated from the industrial sector is proportional to industrial production

estimates from the IEEM. Solid waste streams are disaggregated by subtype—wood, paper, food,

etc.—that is burned, landfilled, recycled, composted, or unaccounted for, each with their own

equations that govern emissions. Liquid waste can be discharged into the environment or sent to

formal treatment facilities, sewers without treatment, latrines, or septic tanks. Each of these end

states are associated with distinct methane correction factors in liquid waste equations. In



recycling equations, some solid waste types (such as aluminum) are associated with negative net
emission factors that represent a reduction in emissions from virgin production.
Figure A.5 shows a basic schematic of the model’s calculations.

Figure A.5. Schematic of Waste Model

P
Population x ﬁﬁ\ Population x Mﬂ
L . . . .
per capita solid waste w:;tzt:;aelr%%ix per capita liquid waste
/ VN factor /
Fraction of waste N Unconsumed . AgduasI
burned!landﬁlIeg/recycled N Solid waste \ Protein esiduales

Recycled waste:
no emissions

Liquid waste Protein decomposition: N20O

Burned waste: vol x \ emissions in dom/com/ind

emissions factors for |
CO2eq (CH4, CO2, \

protein waste

Treated/untreated: CH4
emissions based on
treatment type

N20)
CH4 emissions from

] industrial liquid waste

Landfilled waste: CH4
emissions per decay function
(by waste type)

SOURCE: Based on IPCC, 2006.
NOTES: CH4 = methane, N20 = nitrous oxide.

Projecting Waste Sector Emission

Emissions are estimated to increase under “without decarbonization” conditions due to
projected population and industrial activity increases. Emissions reductions as part of the NDP
result from the following interventions: increased recycling and composting, increased
centralized sewerage and treatment of sewage in urban areas, increased secure sanitation in rural
areas, increased disposal of non-recycled waste in landfills, and increased methane capture at
landfills. Historical liquid and solid waste streams and per capita waste factors are based on
Solera et al. (2015), and additional baseline recycling stream estimates were guided by Canelo
(2018) and Ben-Haddej et al. (2010). Methane correction factors for streams of liquid wastewater
and solid waste disposal are taken from Solera et al. (2015) and IPCC (2019) Volume 5, Chapter
6. Net emissions factors for recycled materials are obtained from Turner, Williams, and Kemp
(2015).

Figure A.6 shows the key assumptions driving estimates of GHG emissions with and without
the NDP. Go to the URL in the figure notes to view the interactive visualizations, which include
estimates of emissions and ranges for the inputs.
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Figure A.6. Interactive Visualization of Key Industry Sector Assumptions and Sources
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NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP” estimate.

Quantifying Benefits

Benefits to reducing GHGs by the waste sector include those related to reducing the social
cost of GHG emissions, health and aesthetic benefits from reducing untreated wastewater
pollutants from use and combustion of fossil fuels, and the value of recycled solid waste and
treated wastewater.

To estimate the benefit of recycling waste, we assume a percentage of newly recycled waste
that has value (currently 50 percent) and then multiply by an uncertain value factor. Estimates for
the value of treating wastewater are based on a willingness-to-pay study of households in
Uruguay (Dixon, 2012). The specific value of recycled water is unknown, so we consider a wide
range of plausible values based on the price charged for treated water in Costa Rica.
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Table A.8. Benefit Factors for the Waste Sector

Benefit

Factor

Baseline Assumption
and Range

Source

Reduced climate
change impacts from
emissions (reduced
social cost of carbon)

Social cost of GHG
emissions estimated for
Costa Rica

[$0.36, $0.61, $1.04] per
ton CO2e

Ricke et al., 2018a, 2018b.

Value of recycled glass

Value of recycled or
composted material

[$268, $447, $626] per ton
of recycled material

Mean imputed from Montero
(2009), with assumed bottle
weight of 190g (Gyekye, 2014)
and +40% range.

Value of recycled
metal

Value of recycled or
composted material

[$1,463, $2,490, $3,517]
per ton of recycled
material

Value of recycled
paper

Value of recycled or
composted material

[$72, $132, $193] per ton
of recycled material

Value of recycled
plastic

Value of recycled or
composted material

[$452, $489, $525] per ton
of recycled material

Imputed from Lobo et al. (2016)
value of exported scrap material.

Value to residents of
sewage service

Household value of sewage
hookup. Use willingness-to-
pay survey from study of
households in Uruguay.

[$150, $270, $320] per
year per household

Baseline assumption value from
Dixon (2012). Range from author
judgment.

Value to environment
from collecting and
treating sewage
instead of informal
disposal

Estimate of environmental
benefits to community from
additional household
connection.

[$10, $29, $40] per year
per household

Baseline assumption value from
Dixon (2012). Range from author
judgment.

Value of recycled
water for other uses
(i.e., circular economy)

Value of treated wastewater

[$100, $200, $300] per
thousand cubic meters

Very conservative estimate of
potential value of treated
wastewater. Retail rates for
treated water supplies varies
between $550 and $2,130 per
thousand cubic meters for
regular domestic use (Autoridad
Reguladora de los Servicios
Publicos [ARESEP], 2020)

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Estimating Costs

Costs for reducing GHG emissions in the waste sector primarily comes from those required

to increase the collection of waste, increase recycling and composting, increased treatment of

sewage, and capture of methane from landfills. We assume a cost of recycling waste that is

equivalent to the value of recycled waste estimated above for the baseline assumptions. The




uncertainty analysis then explores variability around this estimate. The cost of recycling waste is

derived from the literature.

Table A.9. Waste Sector Cost Factors

Cost

Factor

Baseline Assumption
and Range

Source

Costs to increase
collection of waste

Unit cost of increasing
collection of waste

[$45, $72, $100] per ton
of collected waste

“World Bank: Costa Rica’s Waste
Generation Expected to Double
by 2025,” 2012.

Costs to increase
recycling and
composting as fraction
of value

Costs of recycling and
composting as fraction of
value

[0.9, 1, 1.5]

Cost is assumed as a fraction of
calculated value.

Costs to increase
treatment of sewage in
urban areas

Unit costs of increasing
treatment in urban areas
with sewers

[$830, $1,063, $1,354]
per household

Costs to increase urban
sewer connections

Unit costs of expanding
sewer network and
connection in urban areas

[$1,088, $6,906, $10,181]
per household

Costs to increase
secure sanitation in
rural areas

Unit costs of converting
latrines and other types to
septic tanks for rural
populations

[$172, $366, $503] per
household

Costs to rehabilitate
existing sewer networks
and treatment facilities

Aggregate cost (spread
over 26 years—2020 to
2045)

[$2,055, $2,569, $3,083]
million

AyA, 2016. Values were imputed
so that undiscounted aggregate
costs would be equivalent to
investment totals from the PNIS.

Cost to increase
methane capture from
landfills

Cost per ton of methane
captured from landfills

[$12, $60, $91] per ton of
methane

Lower bound from Stege and
Michelson, 2008.

Upper bound from U.S.
Environmental Protection
Agency, 2020

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Agricultural Sector (Line 8)

The agricultural sector model estimates GHG emissions associated with the

land and crop processes (e.g., soil emissions, net crop emissions, fertilizer

application, and burning of waste) and non-electricity energy inputs, such as

fuel for agricultural equipment. Emissions associated with electricity use are

captured in the electricity sector.

Emissions from the agricultural sector are disaggregated by the following major crops:

coffee
fruits
palm oil
pineapple




rice
sugarcane
vegetables
bananas

and an “other” category to represent all other crops.

Crop process emissions are assumed to be proportional to the area of land used for
cultivation and crop-specific emissions factors. Current emissions factors are derived using
current land use estimates from Quirds-Tortds (2020) and crop-specific emissions estimates from
the BUR. Changes in land use in the future are informed by the IEEM. Emissions from energy
use for agricultural activities are calculated to be proportional to the sum of crop and livestock
value added, which is projected by the IEEM.

The primary equation for the agriculture model is:

E. = Z(As,t X Fs,t)
S

where:
e FE =emissions
e A =area by crop cultivation
e F =emission factor
e s =type of crop
e (=time.

Projecting Agricultural Emissions

Agricultural emissions are estimated to increase under “without decarbonization” conditions
because of projected increases in land used to cultivate crops and the intensity of crop
production, represented by the economic value of the production. Emissions reductions as part of
the NDP result from reducing GHG emissions from crop cultivation processes, planting trees,
and reducing the required energy input to produce crops. These reductions are represented in the
model through changes in the emissions per unit area of crops (carbon intensity of crop
production) and changes in the energy requirements per crop value.

Figure A.7 shows the key assumptions driving estimates of GHG emissions with and without
the NDP. Go to the URL in the figure notes to view the interactive visualizations, which include
estimates of emissions and ranges for the inputs.
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Figure A.7. Interactive Visualization of Key Agriculture Sector Assumptions and Sources
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NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP” estimate.

Quantifying Benefits

For all crops, we combine the change in GHG emissions with and without the NDP and with
a cost of carbon factor derived from the literature. The nominal value is $0.608 per ton CO2e.
For each crop, the sector model estimates the economic value of the crop for and the
corresponding emissions due to its cultivation with and without the NDP. The literature suggests
that improving practices to reduce emissions also can increase yields and thus economic value.
To represent this benefit we use an uncertain parameter that specifies the elasticity of economic
value increase to emissions reduction. For example, a 0.33 value for this parameter indicates that
every 10 percent of GHG emissions reduction leads to a 3.3 percent value increase.
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Table A.10. Benefit Factors for the Agricultural Sector

Benefit

Factor

Baseline Assumption and Range

Source

Reduced climate
change impacts from
emissions (reduced
social cost of carbon)

Social cost of GHG
emissions estimated
for Costa Rica

[$0.36, $0.61, $1.04] per ton CO2e

Ricke et al., 2018a, 2018b.

Increased crop yields
due to agricultural
improvements to
reduce emissions

Percentage value
increase as a
function of
percentage of GHG
emissions reduced

[10%, 33%, 45%]

Example: 33% indicates that for every
10% GHG emission reduction, there
would be a 3.3% value improvement

Author’s judgment,
informed by Karlsson et al.
(2020) and Verspecht et al.
(2012)

Cost savings from
switching to low-cost
electricity

Difference in energy
costs between
electricity and non-
electricity sources

Electricity: (2018) $0.14 per kWh;
(2050, without decarbonization)
$0.06, $0.08, $0.12] per kWh; (2050,
with NDP) [$0.03, $0.05, $0.08] per
kWh

LPG: (2018) $13.4 million per PJ;
(2050) [$10.1, $20.3, $30.1] million
per PJ

Electricity costs are
calculated by OSeMOSYS-
CR.

Non-electricity energy
prices are proxied by
propane and butane costs
projections from
RECOPE'’s Precios
Histéricos (RECOPE,
undated).

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Estimating Costs

We estimate the costs of agricultural sector decarbonization actions by cost factors specific to

coffee farms and all other crops.

Table A.11. Costs Factors for the Agriculture Sector

GHG emissions |farm
programs for

coffee farms

Applied to 20,000 farms
(approximate number in Costa
Rica)

Cost Factor Baseline Assumption and Range Source
Cost of Cost of program [$13,000; $22,000; $30,000] per Nationally Appropriate Mitigation
implemented implementation per | farm Actions, Café de Costa Rica,

undated, p. 6 (total cost per
productivity level). Increased by
about three times to be
conservative. Range: author
judgment.

Cost of Cost of program
programs to implementation per
reduce GHG ton of GHG emissions

emissions for reduced

other crops

[$30, $60, $100] per ton CO2e

(Range from source expanded by
authors.)

Gillingham and Stock, 2018, p, 59,
Table 2.

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.
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Livestock Sector (Line 9)

The livestock sector model estimates GHG emissions from the
raising of ten major animal types:

Meat cattle

Milk cattle
Dual-purpose cattle
Goats

Horses

Mules

Pigs

Poultry

Sheep

Water buffalo.

The GHG emissions for each type of animal is based on per animal emissions rates, which is

composed of separate emission factors for enteric fermentation and manure. As seen in Figure
A8, the vast majority of current (year 2018) emissions come from cattle and horses.

Figure A.8. Proportions of Emissions by Different Animal Types in 2018

Other
Horses

Milk Cattle Dual-purpose Cattle

Meat Cattle

Projecting Livestock Emissions

Livestock emissions are estimated to increase under “without decarbonization” conditions as
the sizes of herds increase. Projections of future herd sizes are based on growth rates of herd size
estimated by the [IEEM. Emissions reductions as part of the NDP result from reducing GHG
emissions related to enteric fermentation and manure management. These are represented in the
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model using percentage reduction factors for GHG emissions from enteric fermentation and
manure.

Figure A.9 shows the key assumptions driving estimates of GHG emissions with and without
the NDP. The vast majority of GHG emissions derive from cattle, thus we show only model
values for cattle. Go to the URL in the figure notes to view the interactive visualizations, which
include estimates of emissions and ranges for the inputs.

Figure A.9. Interactive Visualization of Key Livestock Sector Assumptions and Sources

Livestock Parameters m
Strategy

Driver (Units) BAU NDP
Livestock Value Added (USD 5 12 3.46
billions) ol 128
. 2M 1,211K
Dual Purpose Cattle (animals) ou 627K
49,069
Goats (animals) 50K 25,082
400K 232K
Horses (animals) 126K
0K
2M 1,120K
Meat Cattle (animals) 563K
oM As BAU
783K
Milk Cattle (animals) 108'}(‘ 393K
9,656
Mules (animals) 10K 5,273
852,158
Pigs (animals) 1M 462,282
46,052,063
Poultry (animals) 50M 24,109,000
5,201
Sheep (animals) 5K 2,890
This factor can also vary
: 10K 4313 : . 7.760
Water Buffalo (animals) oKk depending on the type of animal.
% Reduction in carbon intensity of 100 60.0
enteric fermentation (%) 0o 00 This factor can also vary 0.0 0.0 .
% Reduction in carbon intensity of 100 depending on the type of animal. 60.0
manure (%) 0 0.0 0.0 0.0

2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050

Year Year

NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP” estimate.

Quantifying Benefits

Benefits from decarbonizing the livestock sector are related to reducing climate impacts on
Costa Rica, as represented by a Costa Rica cost of carbon factor, and improving the value of
pastureland through improved livestock management practices, including planting trees.
Specifically, we combine estimates of changes in GHG emissions between “without
decarbonization” and “with implementation of the NDP” conditions for range animals (cows,
goats, horses, mules, sheep, and water buffalo), using a benefit factor derived from the literature.
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Table A.12. Benefit Factors for Livestock Sector

Baseline Assumption and

Benefit Factor Range Source
Reduced climate Social cost of GHG [$0.36, $0.61, $1.04] per ton Ricke et al., 2018a, 2018b.
change impacts from emissions estimated for [CO2e

emissions (reduced Costa Rica

social cost of carbon)

Value of improved soil | Increased value of [$1, $2.46, $3.5] per ton CO2e |Henderson et al., 2017;
health and productivity |pasture land per GHG Arango et al., 2020.

from improved livestock | emissions reduction

management

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Estimating Costs

Cost of livestock sector GHG reduction is based on an estimated unit cost for reducing
emissions in pasture land from the literature.

Table A.13. Costs Factors for Livestock Sector

Baseline
Assumption

Cost Factor and Range Source
Cost of programs | Cost of program implementation per ton of GHG [$50, $71, $100] | Gillingham and

to reduce GHG emissions reduced. Includes feed alternatives and per ton CO2e Stock, 2018, p. 59,
emissions from diet supplements, implementation of efficiency Table 2. Range:
cattle programs, reducing stocking rate, and increasing author judgment.

biological control.

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.

Forestry Sector (Line 10)

Existing forests (including mangroves) sequester carbon dioxide.
Conversion of forested lands to other land types emits carbon dioxide
into the atmosphere. The forestry model estimates GHG emissions
associated with these two components: (1) emissions related to

conversion of forests to other land types and (2) net emissions (primarily
sequestration) from existing forests (including mangroves).
Separate GHG emission factors are used to represent net sequestration by the following land
use categories:

e primary and secondary forest of the following types (wet, moist, dry, mangrove, and

palm)
e grasslands
e cropland
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e wetlands
e settlements
e other.

The primary equations for the forestry sector model are:

Et = zAstht + Z Z A,fstcfs

SES SES; fESF
such that:
SES
where:
e [ =emissions [MtCO2e]
e A =area by type of land use s [hectares]
e A’ =area of forest type f converted by type of land use s [hectares]
e (= emission factor for conversion of forest to another type of land use, s [MtCO2e per

hectare]

L = estimated total area, assumed to be 5,113,939.5 ha (Quirds-Tortés, 2020) [hectares]

e X =existing coverage emission factor (forested lands have a negative emission factor)
[MtCO2e per hectare]

e S =all land use types

e Sy=all forested land use types (Sy= {wet primary, wet secondary, moist primary, moist
secondary, dry primary, dry secondary, mangroves primary, mangroves secondary, palm
primary, palm secondary })

e Sc=all land use types with conversion emission factor (S. = {cropland, grassland})

e s =land use type

e (=time.

Conversion emissions are calculated for the forested land classes to cropland and grassland.
Estimates of existence emissions for cropland are treated in the agricultural sector.

Projected land use for the “without decarbonization” cases are derived from transition
probability matrices developed by Quirds-Tortds (2020). We started by calculating the patterns
of change from 2010 to 2015 and applying these changes forward through 2050. We made minor
adjustments so that change in agricultural lands would be consistent with projections from the
IEEM. For the NDP conditions, we reduced the amount of primary forest deforestation from
current rates to zero by 2050. Other options for increasing forested area could also be explored,
including increasing secondary forests even more than they are projected to increase under
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“without decarbonization” conditions. Note that planting trees in agricultural areas (for example,
coffee farms) is a strategy for reducing net emissions in the agricultural sector. Agricultural lands
with increased trees are still classified as agricultural in this study. Figure A.10 shows the area
for each land class for 2015 and 2050 for the “without decarbonization” and “with
implementation of the NDP” conditions. Go to the URL in the figure notes to access this
interactive visualization.

Figure A.10. Interactive Visualization of Projected Land Use Changes from 2015 to 2050 for
Without Decarbonization and with NDP Conditions

Land Use Changes

BAU NDP
5500K

5,114K 5,114K 5,114K 5,114K Click on the colored boxes to see
5000K the values.

[C] without Information
4500K [[J Other Lands

[7] Settlements

[] Grassland

[ Cropland Annual

B Cropland Permanent

B Wetlands

[[J Mangroves Secondary Forest
[[] Palm Secondary Forest

[ Dry Secondary Forest

B Moist Secondary Forest
W Wet Secondary Forest

[[] Mangroves Primary Forest

4000K

3500K

3000K

Area[hectares]

2500K

2000K

[] Palm Primary Forest
[ Dry Primary Forest
B Moist Primary Forest
W Wet Primary Forest

1500K

1000K

500K

Forestry parameters
0K

2015 2050 2015 2050

NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP” estimate.

Projecting Forestry Net Emissions

Net land use emissions are estimated to be increasingly negative under “without
decarbonization” conditions because of an anticipated continued reduction in deforestation. Net
emissions with the implementation of NDP are projected to become further negative as
deforestation of primary forest is reduced and investments are made in increasing the GHG
sequestration potential of existing forests.
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Figure A.11 shows the key assumptions driving estimates of GHG emissions with and
without the NDP. Go to the URL in the figure notes to view the interactive visualizations, which
include estimates of emissions and ranges for the inputs.

Figure A.11. Interactive Visualization of Key Forestry Sector Assumptions and Sources

Forestry Parameters
Strategy

Driver (Units) BAU NDP

100.0
100

% Reductionin
primary

50
deforestation (%)

o 00 0.0 0.0
62.5
60
% Increase in
secondary forest 40 As BAU
area (%)
20
0 0.0

10.0

% Increase in

primary forest
sequestration 5
per ha (%)

This factor can also vary depending on the
type of forest.

0o 00 0.0 0.0
10.0

% Increase in This factor can also vary depending on the

secondary forest type of forest.
sequestration 5
per ha (%)

0 00 0.0 0.0

2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050

Year Year

NOTES: This is a screenshot of “Evaluation of the Benefits and Costs of Decarbonization in Costa Rica,” 2020. Go to
https://www.rand.org/pubs/research_reports/RRA633-1/visualization.html to access this interactive tool. BAU denotes
the “without decarbonization” estimate; NDP denotes the “with implementation of the NDP” estimate.

Quantifying Benefits

There are a variety of benefits associated with increasing net sequestration through
improving forest extent and heath. For this study we quantify the benefits from reducing the
social cost of carbon emissions, increasing the value of biodiversity, and increasing climate
resilience.

For all sectors, we combine the change in GHG emissions with and without and with a cost
of carbon factor derived from the literature. The nominal value is $0.608 per ton CO2e.
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A comprehensive assessment of ecosystem service values for forests and mangroves in Costa
Rica provides estimates of per area and year ecosystem service benefits (Proyecto Humedales de
SINAC-PNUD-GEF, 2017). Benefits include those related to

e services (hydro energy, food, genetic material, medicines, wood, firewood and charcoal,

forage food, other raw materials, and freshwater)

e regulation (water and flow, water quality, biologic control, climate, erosion, resilience,

pollination

e cultural (tourism and cultural resources)

e additional services (protection of biodiversity, hatcheries, soil fertility).

For benefits due to preservation of forested area as part of NDP implementation, we combine
changes in wet, dry, and mangrove forests with and without the NDP with the ecosystem service
benefit factors to estimate the ecosystem service benefits of the NDP.

There may be an additional ecosystem service benefit from investments to increase
sequestration from existing forests. We estimate this very uncertain benefit using a benefit
elasticity factor. For each percentage increase in sequestration, we assume a proportional
increase in ecosystem services. For example, a factor value of 0.33 would indicate that a 15
percent increase in sequestration would lead to a 5 percent increase in ecosystem services.

Table A.14. Benefit Factors for the Forestry Sector

Benefit Factor Baseline Assumption and Range Source

Social cost of GHG Ricke et al., 2018a, 2018b.
emissions estimated for

Costa Rica

Reduced climate [$0.36, $0.61, $1.04] per ton CO2e
change impacts
from emissions
(reduced social

cost of carbon)

services due to
forest

Primary Dry Forest: [$30, $49, $60]
per hectare per year

Value of Estimates of the value of |Primary Wet Forest: Proyecto Humedales de
increased ecosystem services by [$15,000, $25,000, $30,000] per SINAC-PNUD-GEF, 2017:
ecosystem type of forest hectare per year Tropical/rainforests (Table

4.1), Dry forest (Table 4.2),
Mangroves (Table 4.3).

preservation Primary Mangrove Forest:
[$10,000, $25,000, $30,000] per
hectare per year
Secondary Forests: 50% of primary
(author’s judgment)

Value of Estimate of the relative [0, 33%, 50%] Author judgment.

increased increase in ecosystem

ecosystem service value (per Example: 33% indicates that for

services due to parameter above) per every 10% increase in

improved percentage increase in sequestration, ecosystem services

management CO2 sequestration would increase by 3.3%

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.
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Estimating Costs

We estimate the opportunity costs from reducing deforestation and the cost of increasing

carbon sequestration from existing forests.
We consider the value of timber that is not harvested, the lost potential value of agriculture,

and lost potential value of raising livestock. We assume a simple unit value of timber derived

from recent land sales advertisements. An alternative approach of using the value of payments

for conservation easements would lead to significantly lower costs (Porras et al., 2013). The

opportunity cost from not cultivating the land is derived endogenously from the model, using the

difference in land area for agriculture and grasslands and the value of agriculture and grazing. A

simple elasticity factor is assumed to estimate the proportion of grassland that would have been

used for grazing.

Table A.15. Costs Factors for the Forestry Sector

Cost

Factor

Baseline Assumption and
Range

Source

Value of timber
not harvested

Value of timber ($ per
hectare)

[$16,000; $21,100, $33,000] per
hectare

Rough estimate based on authors’
review of land solicitations.
Estimate is conservative, in that
using the value of forest
conservation easements would be
significantly lower—$640 to $800
per hectare (using 2013 figures)
(Porras et al., 2013).

sequestration
from existing
forests

by authors.

Opportunity Endogenous calculation based on agricultural land area differences between the NDP and
cost of forgone | “without decarbonization” condition and value of agriculture
agriculture
Opportunity Endogenous calculation |[25%, 50%, 75%] Author’s judgment.
cost of forgone |based on livestock
livestock differences between the | Example: 50% indicates that one

NDP and “without acre reduction in grassland due

decarbonization” to forest preservation in the NDP

conditions times an condition would indicate a

elasticity factor and value | livestock

of agriculture
Cost of Unit cost of increasing [$50, $80, $120] per ton CO2e Busch et al., 2019.
increasing sequestration
carbon Range from literature expanded

NOTE: Ranges are indicated in brackets, with the “Baseline Assumption” bolded.
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Appendix B. Developing Socioeconomic Scenarios

The Integrated Economic-Environmental Modeling (IEEM) Platform is a future-looking
computable general equilibrium framework that enables the analysis of the impact of public
policy and investment on indicators such as GDP, income and employment, but also on wealth
and natural capital (Banerjee et al., 2016). For this study, we used the IEEM modeling
framework to generate a set of growth scenarios for the Costa Rican economy that then were
integrated into the modeling architecture of the NDP cost-benefit study. This integration allows
for a more detailed understanding of how different growth paths impact the NDP cost-benefit
ratio in the ten proposed lines of action.

Figure B.1 schematically describes the approach followed for integrating both models. Each
of the blocks represents a component of IEEM and the proposed information flows between the
different models. The first two blocks refer to the Social Accounting Matrix and IEEM
calibration parameters to generate the long-term growth paths (i.e., 2 percent, 3.5 percent, 4
percent). The third block aggregates the results of each of the simulated growth trajectories into
sectors reflecting the ten lines of action of the NDP. Finally, the fourth module is an integrated
module that translates the results of the IEEM under each of the growth trajectories into inputs
for the NDP cost-benefit model.
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Figure B.1. Schematic for the Integration of the IEEM and Costa Rica Emissions Model
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Appendix C. Transportation Vulnerability Analysis Details

Transport Sector Analysis

For this analysis, we classified simulation outcomes in two risk groups (1) high emissions
cases and (2) low net benefits cases. Then we implemented scenario discovery cluster-finding
algorithms that parse the simulation database to provide a concise description of the uncertainty
conditions that lead to these risks. In scenario discovery, we used three statistical measures to
describe the suitability of a decision relevant cluster. Coverage is the percentage of total
vulnerable futures that are represented by the cluster. Density is the percentage of futures within
the cluster that are vulnerable. Interpretability is the ease by which the uncertainty conditions
that defined the cluster can be communicated to policy audiences (e.g., decisionmakers, relevant
stakeholders). Generally, the fewer dimensions used by the cluster, the easier its
interpretation. We implemented scenario discovery combining two algorithms. First, we used the
C5.0 classification algorithm for dimensionality reduction (Quinlan, 1993; Hornik et al., 2007), a
recursive algorithm that uses data splits to build a model in the form of a tree structure. Second,
we used the algorithm PRIM (Patient Rule Induction Method) (Friedman and Fisher, 1999), a
non-parametric bump hunting classification algorithm, to quantitatively describe vulnerability
conditions of the NDP. In particular, we used PRIM in the context of the scenario discovery
method developed by Bryant and Lempert (2010).

Risk of High Transport Emissions

First, we used scenario discovery to understand the high emissions futures. These are futures
in which transport emissions are above 0.57 MtCO2e. Table C.1 summarizes the results. Each
row describes one of the scenario boxes identified with scenario discovery. For each
vulnerability condition, we provide a detailed description of the boundary conditions, as well as
the corresponding coverage and density statistics that describe to which extent these scenario
boxes adequately capture the vulnerability conditions of this target.

The results presented in Table C.1 display a policy relevant pattern of variation across
economic the different scenario boxes. We find three vulnerability conditions. The first
vulnerability condition, “Low adoption of alternative fuel vehicles,” describes 40 percent of the
vulnerability cases related to high GHG emissions. Two drivers predict 73 percent of the
vulnerable cases: the share of electric private transport in 2050 and the share of hydrogen
vehicles in public transport. The second vulnerability, “Cheap and efficient conventional
vehicles under high economic growth,” describes an additional 20 percent of the vulnerable
cases. The rate of economic growth, the cost ratio of electric and hybrid vehicles to conventional
vehicles, and the fuel efficiency of conventional vehicles predict 72 percent of the vulnerable
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cases of this condition. The third vulnerability, “Low electrification of private and freight
transport under moderate growth,” explains an additional 16 percent of the vulnerable cases. The
three drivers found in Vulnerability 2 in combination with the share of electric light freight in
2050 predict 61 percent of the vulnerable cases.

Table C.1. Scenario Discovery Analysis for Risk of High Transport Emissions

Economic Scenario Drivers of Vulnerability Density Coverage

Vulnerability 1: “Low adoption of Share of electric private transport in 2050 73% 40%
alternative fueled vehicles” < 90%
e Share of electric and hydrogen vehicles in
public transport < 82%

Vulnerability 2: “Cheap and ¢ High-growth scenario 72% 20%
efficient conventional vehicles o Cost ratio of electric and hybrid vehicles to
under high economic growth ” conventional fuel vehicles > 101%

¢ Fuel efficiency of diesel, gasoline, and Lpg
vehicles > 60%

Vulnerability 3: “Low e Base growth scenario 61% 16%
electrification of private and e Cost ratio of electric and hybrid vehicles to

freight transport under Conventional fuel vehicles > 98%

moderate economic growth” ¢ Share of electric light freight < 92%

Risk of Low Net Benefits from Transportation Decarbonization

Next, we used scenario discovery to understand the low net benefits futures. These are cases
in which the net benefits are relatively low relative to what would occur under the baseline
assumptions. We set the thresholds as net benefits that are less than $13.1 billion (the first
quantile of the distribution of net benefits). Table C.2 summarizes the results. Each row
describes one of the scenario boxes identified with scenario discovery. For each vulnerability
condition a detailed description of the boundary conditions is provided, as well as the
corresponding coverage and density statistics that describe to which extent these scenario boxes
adequately capture the vulnerability conditions of this target. Two vulnerability conditions are
identified: Vulnerability 1 “high costs alternative vehicles under low economic growth” and
Vulnerability 2 “low use of public transportation, high demand for freight and expensive electric
vehicles.”



Table C.2. Scenario Discovery Results for Risk of Low Net Benefits from Transportation
Decarbonization

Scenario Box Drivers of Vulnerability Density Coverage
Vulnerability 1: “High-cost e Low-growth scenario 52% 41%
alternative vehicles under low o Cost ratio of electric and hybrid vehicles to

economic growth” conventional fuel vehicles > 91%

Vulnerability 2: “Low use of public

Cost ratio of electric and hybrid vehiclesto ~ 56% 27%

transportation, high demand for conventional fuel vehicles > 123%
freight, and expensive electric e Occupancy rates of SUVs, sedans, and
vehicles” minivans < 133%

e Growth in public transport use < 18%
e light freight demand > 10.14 Gtkm

Appendix C References

Bryant, Benjamin P., and Robert J. Lempert, “Thinking Inside the Box: A Participatory,
Computer-Assisted Approach to Scenario Discovery,” Technological Forecasting and Social
Change, Vol. 77, No. 1, January 2010, pp. 34—49.

Friedman, Jerome H., and Nicholas 1. Fisher, “Bump Hunting in High-Dimensional Data,”
Statistics and Computing, Vol. 9, 1999, pp. 123-143.

Hornik, Kurt, Achim Zeileis, Torsten Hothorn, and Christian Buchta, “RWeka: An R Interface to
Weka,” R package version, 03-04, 2007. As of October 7, 2020:
https://CRAN.R-project.org/package=RWeka

Quinlan, J. Ross, C4.5: Programs for Machine Learning, Morgan Kaufmann Series in Machine
Learning, San Mateo, Calif.: Morgan Kaufmann, 1993.



Appendix D. Stakeholder Organizations

For this study, we engaged stakeholders multiple times. The following list identifies the

agencies or organizations that participated in one or more stakeholder workshop:
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Acciona Energia

ACOPE: Asociacion Costarricense de Productores de Energia

ACEPESA: Asociacion Centroamericana para la economia, salud y el ambiente
AED: Alianza Empresarial para el Desarrollo (Business Alliance for Development)
AFD: Agencia Francesa de Desarrollo (French Development Agency)

Aliarse: Amigos of Costa Rica

BCCR: Banco Central de Costa Rica

Camara Nacional de Productores de Leche

CANABUS: Camara Nacional de Autobuseros (National Chamber of Buses)
CATIE: Centro Agronémico Tropical de Investigacion y Ensefianza

CCAFS: CGIAR Research Program on Climate Change, Agriculture, and Food Security
CENIGA: National Geoenvironmental Information Center

CICR: Camara de Industrias de Costa Rica (Chamber of Industries)

COMEX: Ministerio de Comercio Exterior (Ministry of Foreign Trade)
Coopesantos: La Cooperativa de Electrificacion Rural Los Santos

CORFOGA: Corporacion Ganadera

CPSU: Centro Para la Sostenibilidad Urbana

CTP: Consejo de Transporte Publico (Public Transport Council)

DCC: Direccién Cambio Climético

DIGECA: Direccién de Gestion de Calidad Ambiental

DINARAC: Direccion Nacional de Resolucion Alterna de Conflictos

DPRSA: Departamento de Regulacion de los Programas e la Salud Y Ambiente (a
department of the Ministry of Health)

EBI Costa Rica: Empresas Berthier EBI de Costa Rica S.A.

EGP: Enel Green Power

Fortech

Fundecooperacion Para el Desarrollo Sostenible

GBCCR: Consejo de Construccién Verde de Costa Rica

Geocycle

GIZ: a German Development Agency

Green Building Council — CR

IDB: Inter-American Development Bank

ICAFE: Instituto del Café de Costa Rica

ICE: Instituto Costarricense de Electricidad

IMN: Instituto Meteorolégico Nacional

INA: Instituto Nacional de Aprendizaje
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MAG: Ministerio de Agricultura y Ganaderia

MEIC: Ministerio de Economia, Industria y Comercio

Metalub: private company

MINAE-DIGECA: Ministerio de Ambiente y Energia-Direccién de Gestion de Calidad
Ambiental (Directorate of Environmental Quality Management)

MOPT: Ministerio de Obras Publicas y Transportes

ONF: Oficina Nacional Forestal

Pedal Movilidad Sostenible (Sustainable Mobility Pedal)

RECOPE: Costa Rican Petroleum Refinery S.A.

Red de Juventudes y Cambio Climatico (Youth Network and Climate Change)
SEPSE: Secretariat of Planning of the Energy Subsector

SINAC: National System of Conservation Areas

South Pole: Consultancy

TEC: Tecnoldgico de Costa Rica

UCR: University of Costa Rica

UNDP: United Nations Development Programme

VAM: Viceministerio de Aguas y Mares

Viceministerio de Energia



Given the socioeconomic impacts of the COVID-19 pandemic, global leaders are seeking
solutions to re-activate their economies while preserving the climate and mitigating the risk of
future environmental crises. Costa Ricas National Decarbonization Plan sets the ambitious goal
to become carbon neutral by 2050 and lays out a series of actions that government officials,
sectoral stakeholders, and more generally Costa Rican citizens would need to implement
throughout the economy to decarbonize. The extent to which the implementation of the
decarbonization plan can be part of an effort to restart the economy post covid depends on the
costs and socioeconomic benefits it entails.

In this study, we developed an integrated model that estimates the benefits and costs of
implementing the decarbonization plan in all major sectors, informed by consultations with
numerous government agencies, industries and non-governmental organizations. In our central
scenario, decarbonization brings $41 billion in net benefits to Costa Rica between 2020 and
2050, using a 5 percent discount rate. In the land use sector, reducing emissions would lead to
increased agricultural and livestock productivity, and increasing carbon sequestration by forests
would lead to greater ecosystem services, such as renewable forestry products, water and soil
benefits, and support for tourism and cultural heritage. In the transportation sector, the
economic benefits from energy savings, fewer accidents, time saved from reduced congestion,
and the reduced negative impacts of air pollution on health more than compensate for the
initially higher upfront costs of switching to electric vehicles and building infrastructure for
zero-emissions public transport. Energy savings in buildings, efficiency gains in industry, and the
economic value of recycled materials and treated water complete our estimates.

Recognizing uncertainty about the future, we evaluate thousands of different plausible futures
in order to understand the range of possible decarbonization pathways and net benefits for the
Costa Rican economy. Under all but 22 of the more than 3,000 plausible futures considered,
implementation of the decarbonization plan would lead to economic benefits that exceed the
costs. Our results highlight the importance of modal shift and zero-carbon technologies in the
transport sector, increasing carbon sequestration in the forestry sector, and emission reductions
in livestock and industrial processes, to achieve net-zero emissions. This work has helped build
tools and capacity for evaluating decarbonization strategies, which will be used to support the
update of Costa Ricas Nationally Determined Contributions-- its commitment to the
international community under the Paris Agreement. Our approach can be replicated in other
countries interested in analyzing the economic implications of pathways towards carbon-free
prosperity.
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