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Abstract

Governments must choose among mitigation policies whose costs fall unevenly across the
economy. We link long-term energy system scenarios to sectoral cost impacts and rank
mitigation measures with a transparent multi-criteria method. Outputs from OSeMOSYS-
CR, Costa Rica’s energy system model (2018-2050), are passed through the national 2017
input-output matrix to estimate cost effects on prioritized industries. Each measure group
is scored on four normalized metrics: emission reductions, economic benefits, investment
costs, and cost reductions for prioritized firms. Under equal weights, the top measures are
road freight electrification, passenger mode shift with rail, and freight electrification with
hydrogen. Across 10,000 sampled weightings, these measures rank in the top three in 100%,
81%, and 80% of cases, respectively. No other measure exceeds 19%. The ranking is robust
to power-system integration cost increases of up to 50% and to externality values ranging
from 50% to 130% of their central estimates.

Keywords: decarbonization; renewable energy systems; energy transition; climate change
mitigation; energy system modeling; multi-criteria decision analysis; input-output analysis;
economic competitiveness

1. Introduction

Comprehensive long-term transformations toward resilient, low-emission economies
can be economically beneficial [1]. For example, several Latin American countries have
recently conducted cost-benefit analyses of their decarbonization strategies, estimating
economic benefits of USD 41 billion in Costa Rica [2,3], USD 140 billion in Peru [3], and
an additional 0.8% of Gross Domestic Product (GDP) growth in Chile [4]. Such strategies
depend largely on the transition from fossil to renewable energy [1]. Whether a 100%
renewable energy system is necessary, desirable, and feasible for a country depends on its
resources, its context [5,6], and the technological challenges it faces [7]. Beyond individual
cases, several studies have found that renewable energy production, combined with more
sophisticated production structures (i.e., higher economic complexity [8,9]), reduces envi-
ronmental degradation [10-12], including the greenhouse gas (GHG) emissions that drive
climate change.

The literature has explored the econometric relationships among growth, economic
complexity, renewable energy, and emissions. European panel evidence shows that re-
newable energy consumption is a more reliable driver of growth than fossil fuel con-
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sumption with the effect moderated by a country’s economic complexity, openness, and
institutions [13]. In turn, economic complexity and renewable energy reduce emissions [10].
However, countries whose economic complexity is lower but still growing may need more
stringent renewable energy policies to avoid high pollution risks [14]. In G7 countries,
economic policy uncertainty can amplify the effect of high energy intensity on pollution [15].
In the BRICS economies (Brazil, Russia, India, China, and South Africa) [11] and the sixteen
largest exporting economies [12], higher economic complexity and greater use of renewable
energy strengthen climate change mitigation. Moreover, a country’s readiness to export
low-emission products competitively can predict lower national emissions [16]. Readiness
for a low-carbon transition varies across countries [17].

Implementing decarbonization successfully requires overcoming political and eco-
nomic challenges [18]: managing the jobs transition, avoiding rising inequality, securing
adequate investment, and sustaining political and public support [19]. Ideally, decarboniza-
tion will create jobs in new sectors faster than jobs are lost in fossil-based activities [20],
and it has even been proposed as a COVID-19 recovery measure [21]. There is, however,
another way to view holistic low-carbon development: governments can prioritize the decar-
bonization policies that both drive emissions to zero and strengthen the industries targeted
by their development strategies. The literature associates more sophisticated production
structures with more high-value exports, growth, and prosperity [8].

Under this paradigm, policymakers and firms will advance decarbonization if it makes
the value chain of a high-value product (i.e., an economically complex structure) more cost-
efficient, for example, through low-cost renewables [22]. Avoided costs of environmental
damage and natural resource depletion further increase the benefits of decarbonization and
renewables [23].

Although most of the literature focuses on end-state analyses, highly renewable energy
systems also require planning of the transition itself [5]. Such systems must balance
supply and demand despite the intermittency of renewable sources [24] and cope with
their decentralized [25] and digital [26] nature. The elements involved in deploying a
highly renewable energy system include demand-side management, energy storage, and
variable renewable energy resource control, among others [27]. Moreover, different policies
and operational features suit the initial, intermediate, and final stages of a high-renewable
transition [27]. For example, coordinating the electricity, heating, and transport systems [ 28],
while accounting for other resources such as water [29] and land [30], could create synergies
that help meet energy independence objectives [31] and address social and market concerns
about the energy transition [32].

The outlook for highly renewable systems varies with resources and context. Assess-
ments cover North America [33], the European Union [34-39], Africa [40-44], South and
East Asia [45-49], and Latin America [50,51]. Three findings recur: renewable potential
generally exceeds demand; storage, interconnection, and workforce readiness determine
the cost of the transition; and highly renewable systems can be cheaper and less risky than
carbon-based ones.

Multi-criteria decision analysis (MCDA) ranks options against several objectives. Es-
tablished methods include the analytic hierarchy process, TOPSIS, PROMETHEE, and
ELECTRE, and several reviews cover their use in energy planning [52-55]. We use a
weighted sum of normalized metrics. This approach is simple and transparent: every score
can be traced to a metric value and a stated weight. Its drawback is sensitivity to the weights,
which we address by following composite-indicator practice [56] and reporting robustness
across the full weight space.

In this paper, we bring together two research streams that have developed largely in
isolation: climate change mitigation and national productive priorities [57]. Using scenario
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analysis, we develop a methodology that identifies which policies best combine emission
reductions, economic benefits, positive effects on the value chains of high-value products,
and financial affordability. We apply this methodology to the energy transition in Costa
Rica. This middle-income country capped its 2030 emissions in the Nationally Determined
Contribution (NDC) it updated in December 2020 [58], and its National Decarbonization
Plan (NDP) charts an economy-wide net-zero target for 2050 [59]. Although multiple
economic complexity metrics have emerged [9,13,60], we build on a previous analysis by
Costa Rica’s Ministry of National Planning and Economic Policy (MIDEPLAN) [61], which
identifies the value chains the government prioritizes for development.

Measures are commonly prioritized using marginal abatement cost curves (MACCs).
Used alone, MACCs can lead to under-investment in expensive, large-potential options that
take a long time to implement (e.g., clean transportation) [62], because they do not consider
the role of capital accumulation [63]. They can also lead to over-investment in cheap options
with limited potential [62]. Instead, we use scenario analysis with OSeMOSYS-CR, Costa
Rica’s energy system model, which is detailed for the electricity and transport sectors [64];
we expand it to represent the energy transformation chain for industrial demand. This
bottom—up model is well suited to analyzing technology regulations [65], but it relies on
exogenous demand and does not predict household or firm behavior. Top—down computable
general equilibrium (CGE) models are better suited to economy-wide analysis but do not
assess technology regulations or stock turnover accurately [65]. Nevertheless, we exploit
the model’s rich technical and economic detail to identify key policies that stakeholders
cannot abandon without making the NDC and Paris Agreement goals hard to meet and
forgoing cost advantages for nationally prioritized industries.

The paper is organized as follows. Section 2 presents the methodology linking bottom—
up scenario analysis to the sectoral pass-through of policy costs. It also describes the
scenarios analyzed in the case study (i.e., Costa Rica’s NDC and NDP energy sector mea-
sures). Section 3 applies the methodology and presents the results for the case study.
Section 4 discusses the results in light of the literature, and Section 5 concludes the paper.

2. Materials and Methods
2.1. Modeling Approach

We produce long-term energy system scenarios for 2018-2050 using a bottom—up
energy system optimization model (ESOM) with detailed technology cost and emission
accounting. The business-as-usual (BAU) scenario holds today’s carrier mix fixed for each
end use while activity scales with GDP; it describes an energy system that grows without
changing its fuel shares. Other scenarios represent policy interventions that transform
components of the energy system, e.g., transport electrification. Crucially, all scenarios
share the same GDP growth assumptions so that energy use can be compared consistently.
The OSeMOSYS-CR model [64] informed the cost-benefit analysis [2] of Costa Rica’s
National Decarbonization Plan [59]. We extend this model with a detailed bottom-up
representation of the industry subsector and use it to generate multiple scenarios. The
online documentation (https://osemosys-cr-v2.readthedocs.io/en/latest/, accessed on 3
February 2026) lists every input and assumption, and the accompanying code is released
under an open-source license (https://github.com/EPERLab/osemosys-cr-v2, accessed on
3 February 2026).

Figure 1 shows how the industry sector connects to the rest of the energy system.
Secondary energy supplies all demand sectors: Costa Rica imports its fossil fuel products
and generates its electricity mainly from renewable resources. The industrial subsector
is represented by seven end-use services: steam from boilers; process heat for cement,
glass, and food and general manufacturing; mechanical force for lift trucks; self-generated
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electricity; and residual electricity uses. Industrial technology capacities are expressed in
kW of heat, electricity (for on-site power generation), or mechanical power (for lift trucks).
To parameterize the industrial sector, we build on previous studies that characterized energy
consumption by end use and economic sector [66,67]. The modeled energy system also
supplies final energy demand for the agricultural, commercial, residential, and public
sectors, but we do not model their end-use technologies in detail (e.g., stoves or lighting).

Final energy demands (fossil)

Secondary energy sources - Agricultural, commercial, residential
> Imported fossil fuels and = Diesel (with and without biodiesel)
distribution infrastructure: = Gasoline (with and without ethanol)
gasoline, diesel, LPG, fuel oil, and *LPG Transport demands
natural gas ) ) Transport technologies - Freight demand
- Power plants (using fuel oil) « Passenger-kilometer - Passenger demand

- Ethanol and biodiesel blend
> Biomass variable costs
> Power plants: distributed solar . .
(with and without storage), utily- | - 5':;:2;2{1
scale solar (with and without PP
storage), geothermal, on-shore _ F;Z;ﬁ; (tjr'asr:lsl;lil:s?:n
wind, hydro run ofriver, hydro - Power distribution
dam, and bioenergy ~ L

- Hydrogen production (using Hydrogen distribution
utility scale solar)

= Ton-kilometer

= Heat, force, and
electricity PJ

- Industry demands

Heat from boilers
- Heat for cement
- Heat for glass
- Heat for food and
general industry

« Electricity * Electricity

Charging infrastructure
- Electric buses
- Electric trucks

Industry technologies

« Electricity
= Hydrogen

= Biomass )

*LPG Final energy demands (electricity and hydrogen) - Lift tyucks

= Natural gas - Agricultural, commercial, residential, public services - Onsite power
= Fuel oil generation

- Other electricity

= Diesel (with and without biodiesel) demands

= Gasoline (with and without ethanol)

Figure 1. Energy supply chain modeled in OSeMOSYS-CR for this analysis.

The basic representation of the energy and transport subsectors in OSeMOSYS-CR
has been documented previously [64]; here, we expand the energy-transport interface.
Passenger and freight demands are expressed in passenger-kilometers and ton-kilometers,
respectively. These demands are supplied by vehicles, each of which travels an average
yearly distance that depends on the vehicle type (e.g., truck or sedan). Each vehicle type
has technology options that vary by fuel (e.g., electric or gasoline), and each option has
a specific energy consumption per kilometer that determines final energy use. Off-road
transport, domestic aviation, and shipping are outside the model’s scope.

Furthermore, the share of demand supplied by each vehicle type can differ between
scenarios. For example, passenger demand can be split differently between private and
public transport. Because public transport carries more passengers per trip, a scenario with a
higher public transport share requires fewer private vehicles, reducing energy consumption
and costs. Similarly, freight rail can reduce the number of trucks needed to move a fixed
ton-kilometer demand.

Investment and production for each power plant are endogenous model results that
depend on each option’s capacity constraints, relative costs, and capacity factors. The
OSeMOSYS-CR version used here has an annual time resolution and therefore lacks the
detailed hourly dispatch offered by other modeling tools. Hence, we assume that the
model solution is always technically feasible, i.e., that solar and wind power, combined
with existing hydropower and geothermal supply, can always meet demand provided that
battery storage costs are accounted for.

We define demand using three methods. First, the final energy demand (by energy
carrier) of the agricultural, commercial, residential, and public sectors is taken from [64].
Second, to compute transport demand, we use GDP elasticities of demand of 1.015 for freight
and 0.916 for passenger transport, which were derived from vehicle fleet databases of Costa
Rica’s Ministry of Finance. Several variables link mobility demand to energy consumption.
For passenger transport, the number of vehicles (V) is an endogenous output that depends
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on the occupancy rate (OR), the average yearly distance (d), and the demand (D) supplied
by a particular vehicle type k, in a given year y, following Equation (1).

Vk,y = Dk,y/(dk,y X ORk,y) (1)

The kilometers traveled per vehicle type equal the number of vehicles multiplied by
their average yearly distance. The total yearly energy consumption per vehicle type (ECy )
equals its energy consumption per unit of distance (ECUDy,,) times the total kilometers
traveled, as in Equation (2). To complete the energy-transport interface, we use the oc-
cupancy rate per vehicle type, i.e., the average number of passengers or amount of cargo
carried per vehicle. Therefore, the model endogenously calculates the energy consumption
required for a given distribution of passenger and freight transport demand.

Eck/y = ECUDk/y X Vk,y X dk,y (2)

We use the elasticity (¢) to relate growth in passenger trip demand to GDP growth.
Telework and other digitalization strategies can decouple GDP growth from passenger
demand. Equation (3) shows how we project demand (before distance adjustments) as a
function of GDP. Successfully decoupling growth in passenger trips (across both private
and public vehicle classes) from GDP growth reduces €q,gpp-

K K
Zk:l Dk,y, without distance adjustments = Zk:l Dk,y—l X (1 + SA%GDP) x A%GDP (3)

Investments in rail and urban interventions encourage passengers to switch from
private to public modes or to cycling and walking (i.e., non-motorized transport).
Equations (4) and (5) reallocate passenger demand among private, public, and non-
motorized classes using two scenario factors: the share moved to public transit (MSPT)
and the share moved to walking and cycling (MSNMT). Applying the MSPT and MSNMT
factors changes demand between scenarios for the private and public vehicle classes: K
and K
or public transport trips remains constant; e.g., we do not change the shares of buses,

private

public; Tespectively. The split among the specific vehicle types that provide private

minibuses, and taxis in public transport.

K rivate K rivate
Zk; Diy,npp = (Zk; Dk,y,BAU) x (1 = MSPT — MSNMT) (4)
K ublic K ublic
Zkilbl Dy y,Npp = <Zkilbl Dk,%BAu) x (1 + MSPT) (5)

In the BAU scenario, the modal split is held at its base-year value in every year: 24%
of motorized passenger-kilometers on public modes and 76% on private vehicles. A lack
of urban densification (e.g., urban sprawl) increases travel distances and, thus, demand.
Equation (6) shows how distance affects demand.

D k,y,with distance adjustments =D k,y, without distance adjustments X dk,y / dk,2018 (6)

Freight demand projections follow Equation (3) for the heavy and light truck vehi-
cle classes: Kpeayy truck and Kjight rucks Tespectively. The same average distance adjustment
applied to passenger vehicles also affects freight demand (see Equation (6)). In addition,
rail investments drive a modal shift in heavy freight. However, whether logistics firms
prefer freight rail over trucks is uncertain. Hence, the model estimates freight rail invest-
ment requirements as a function of the unit cost of rail services, which is also uncertain.
Equation (7) shows the impact of the freight modal shift to rail (FMSR) on the freight
demand supplied by heavy trucks.

K eavy trucl K eavy trud]
Zkil y truck Dk,y,NDP = (Zkil y truck Dk,y,BAU) X (1 - FMSR) (7)
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Third, Equation (8) projects industrial demand: for each end-use activity A in Figure 1,
energy demand (ED) in year y equals its energy intensity (EI) multiplied by that year’s
GDP. We obtain base-year industrial energy demand and intensities from [67] and assume
that intensities decrease by 20% by 2050. GDP and GDP growth are taken from [68] up to
2022; thereafter, GDP growth gradually reaches 3% by 2024 and remains constant for the
rest of the period.

ED,, = El,, x GDP, (8)

Finally, for all scenarios, we assume a 1.9% annual increase in fossil fuel import costs,
following the crude oil price trajectory of the Stated Policies Scenario in [69]. We do
not analyze the implications of deep uncertainty in fuel prices, as seen in [2], where all
technology and fuel costs were treated as uncertainties.

Table 1 lists each data source, its vintage, and its access date. The model horizon is
2018-2050, and economic results are reported as yearly averages over 2021-2050. Table 2
reports the externality unit values as implemented in the model inputs.

Table 1. Data sources, vintages, and calculation conventions.

Input Source Vintage Access Role
fnr:)eégly system 0OSeMOSYS-CR 2021 config — Scenarios, 2018-2050
Input-output matrix Efo(élfl’c 1\(/)[azt(§ilz71nsumo 2017 Oct2021  Cost pass-through
Sector priorities MIDEPLAN strategy [61] 2021 Sep 2021  Priority clusters (Table 3)
Externality values Godinez-Zamora et al. [64] 2020 2021 Health, accidents, congestion
Fuel price path {iﬁ;ﬁf&g ]O 25, Stated 2025 Oct2026  1.9%/yr growth
NDC Costa Rica NDC update [58] December 2020 — Emissions budget
Discount rate Model default — — 5%, uniform
GDP growth National projections pre-2022 — 3%/ yr after 2024
Tal[)le]z. Externality unit values as implemented in the OSeMOSYS-CR model inputs. Method as
in [64].
Externality Applies to Value Unit
Health Diesel vehicles 7.92 MUSD/PJ
Health Gasoline vehicles 0.78 MUSD/PJ
Accidents Motorcycles 611.1 MUSD/Gpkm
Accidents SUV/light private 89.9 MUSD/Gpkm
Accidents Sedans 84.3 MUSD/Gpkm
Accidents Taxis 67.4 MUSD/Gpkm
Accidents Buses 32.7 MUSD/Gpkm
Accidents Microbuses 10.7 MUSD/Gpkm
Congestion Light vehicles 46.0 MUSD/Gvkm
Congestion Buses and freight 90.0 MUSD/Gvkm
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2.2. Linking Decarbonization Scenario Analysis and Sectoral Cost Pass-Through

The structure of OSeMOSYS-CR makes it easy to create multiple deterministic scenar-
ios and test plausible mitigation measures. We use Costa Rica’s input-output matrix [70] to
understand how technical changes in the energy system affect economic activities. Figure 2
shows the methodological link between mitigation measures, energy system scenario com-
parison, and value chain technological pairing, i.e., the link between the technology mod-
eling in OSeMOSYS-CR and the changes in economic activity values in the input—output
matrix. MIDEPLAN's Territorial Economic Strategy [61] identifies the activities that the
government prioritizes for promotion (see Table 3). Alternatively, countries can use the
Atlas of Economic Complexity [71] to identify the economic activities to prioritize.

Energy system

Economic activity clusters

| Agriculture “ Tourism |

Light Advanced
manufacturing manufacturing

Energy supply

| Modern services |

1
1
1
1
1

- Vall hai
Mitigation Energy system future > te :hl:zlg g?clr;l
measure scenario and comparison pairing

1 ] . Investment |
I Economic Emissions X I
I ) . and fixed I
I benefit reduction I
I costs I
t i

Metric 1 Metric 2 Metric 3 Metric 4

Cost
reduction
on firms

Figure 2. The process to calculate the metrics of merit of every mitigation measure.

Table 3. Economic activity clusters prioritized in Costa Rica’s Territorial Economic Strategy (MIDE-
PLAN). Source: authors’ elaboration based on [61].

Cluster

Subcluster Economic Activity

Agriculture

Vegetables

Pineapple

Agriculture (crop production) Coffee

Fruits and nuts

Processing and conservation of fruits and vegetables

Fishing

Fishing and aquaculture
Aquaculture

Forestry Forestry and logging

Light manufacturing

Cement

Cement, iron, and

steel (fabrication) Common metals

Metal-based products (except machinery)

The exploitation of other mines and quarries

Chemistry and extraction

(fabrication or extraction) Paper

Petroleum-based products and other chemical products
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Table 3. Cont.
Cluster Subcluster Economic Activity
Aerospace and Electrical equipment and machinery
high-technology Vehicle and other transport equipment manufacturing

Advanced manufacturing

Pharmaceutical products, medicinal chemicals, and

Biotechnology botanical products

Electronic components, computers, and other

Information and peripheral equipment
communication technologies

Electronic and optic products

Pharmaceutical and

medical equipment Medical and dental supplies

Tourism

Accommodation

Food and beverages
All

Vehicle rentals

Travel agencies and related activities

Modern Services *

Programming and informatics

Legal activities

Accounting activities

Financial, human resources, and marketing consultancy

Knowledge economy Architectural and engineering technical analysis

Scientific research and development

Other professional, scientific, and technical activities

Leasing of intellectual property

Administrative tasks and other support to firms

Movies, videos, television programs, music, etc.

Marketing

Orange economy Creative, artistic, and entertainment

Libraries, museums, and other cultural activities

Sports and recreational activities

* Modern services also include renewable electricity production.

Following Figure 2, the evaluation of each scenario (S) yields four metrics. The first
three metrics come directly from OSeMOSYS-CR outputs: the economic benefit (EB), the
emission reduction (ER), and the investment plus fixed cost (IFC). Equation (9) defines
the economic benefit, i.e., the cost difference between a benchmark scenario (B) and the
scenario of interest (S). If costs are higher in the benchmark scenario than in the scenario
of interest, the economic benefit is positive. The costs are capital (CAPEX), operational
(OPEX, variable and fixed), and externalities (linked to congestion, health, and accidents in
the transport sector [64]). Emission reductions follow the same logic, using cumulative
emissions instead of costs (Equation (10)).

The fourth metric, the cost reduction in firms (CRF), assesses the impact of decar-
bonization on the costs of the economic activities prioritized by the national industrial
strategy. It is the cost change, or reduction in intermediate demand, of the economic activi-
ties in Table 3, computed as the sum of the effects of shocks (k) on the economic activities
of interest (EA) in a scenario (S), as in Equation (11).
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The cost reduction in firms is the change in intermediate demand caused by each
measure’s cost shocks, which is expressed as a share of GDP. We compute two variants of
this metric: a use-side variant, which underlies the main ranking, and a production-minus-
use variant, which is the only one that can be reproduced at the shock level. Section 3.4
states which variant each test uses. The top four measures are the same under both variants.

A shock (k) reduces the consumption of a specific economic activity, such as fossil
fuel imports, across the economy (see Section 2.3). The impact on the economic activities in
Table 3 depends on how much of the shocked activity they consume, particularly relative to
other consumers. We derive these consumption shares from the input-output matrix (see
Section 2.3).

The third metric, IFC, captures the funds that actors must raise to finance the trans-
formation. A measure with a smaller IFC is more affordable nationally regardless of its
other merits.

EB, = Total CAPEXjy + Total OPEXjy + Total Externalitiesg

9

— Total CAPEX — Total OPEXs — Total Externalitiesg ©)

ER, = Cumulative Emissionsy — Cumulative Emissionsg (10)
CRFg = ZEA Zk Cost Change , x Consumption Participation , . (11)

Each metric is normalized with min-max scaling, as in Equations (12)-(15). The
minima and maxima are taken over the scenarios that share the business-as-usual benchmark
(Group 1). This bounds every normalized metric to the interval [0, 1], following composite-
indicator practice [56]. Equation (14) is inverted so that cheaper measures score higher. The
metric of merit (mm) in Equation (16) is the weighted sum of the four normalized metrics
with one weight per metric: wEB, wER, wlFC and wCRF. We explore several weightings
of the metric of merit: (i) emissions only; (ii) emissions and economic benefits, which are
weighted equally; (iii) emissions, economic benefits, and cost reduction in firms, which are
weighted equally; and (iv) all four metrics, which are weighted equally (25% each).

EB_normg = EB;/EB10o9, rencwabie decarbonization (12)
ER_normg = H (13)
IFC_normg = % (14)
CRF_norm, = C(;{I;I:;x__cé{;;zn (15)
EB_normg = % (16)

2.3. Value Chain and Technological Pairing

In the input-output matrix, economic activities consume the outputs of other economic
activities. For example, Table A1 shows how economic activities consumed fossil fuel im-
ports, vehicle imports, and electricity supply, in monetary terms, in 2017 [70]. Consumption
by productive activities makes up the intermediate demand: 69.3% of fossil fuel imports,
5.7% of vehicle imports, and 66% of electricity (Table A1). Households consume 21.7%
of fossil fuel imports, 44.5% of vehicle imports, and 32.6% of electricity. Notably, 45.8% of
vehicle imports are recorded in the gross capital formation account, reflecting their nature
as durable goods.

Knowing how much of an activity is consumed by each other activity allows cost
changes to be distributed among the consuming activities. Table 4 shows how we associate
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0SeMOSYS-CR outputs with economic activities for a total of 10 cost changes or shocks.
Cost changes are measured relative to a benchmark scenario (see Section 2.4). The total cost
change results from changes in several accounts: capital, fixed, and variable costs by sector
(i-e., industry, transport, fossil fuels, and civil infrastructure). Hence, each OSeMOSYS-CR
account (or cost component) causes a distinct shock with direct and indirect effects on the
value chain (Table 4). The direct and indirect effect columns list the consumed economic
activity associated with each shock. To select the consuming (or impacted) economic
activities, some of which appear in Table 3, we apply the following criteria:

e  Freight-related economic activities that consume fossil fuels, besides freight itself, are
crop cultivation, forestry, livestock, trade, vehicle maintenance, construction, extractive
activities, and chemical and fuel production and transportation;

o Industry-related economic activities that consume fossil fuels are fabrication (of any
good), manufacturing, and food and beverage processing;

e  Passenger-related economic activities that consume fossil fuels are car rentals, accom-
modation, recreational, and knowledge economy activities;

e  Freight-related economic activities that require vehicle maintenance, besides freight
itself, are trade, construction, quarrying, dairy, and livestock;

e Passenger-related economic activities that import vehicles, besides transport activities,
are health, accounting, car rentals, and administrative support;

e  All other relationships between consumed and impacted economic activities are
derived endogenously from the input-output matrix, i.e., the shocks with only
direct effects.

In reality, cost changes in the power sector will be distributed among economic activities
differently from the pattern in the 2017 input-output matrix. Hence, the main analysis does
not include power cost increases as a shock; otherwise, the firms that consume the most
electricity today would bear the largest impact. Section 3.4 tests the effect of including them.
Understanding the new cost structure of electricity consumers is left for future work.

Table 4. Association between OSeMOSYS-CR cost modeling and the input—-output matrix.

Shock 0SeMOSYS  0OSeMOSYS Direct: Consumed Direct: Indirect: Consumed Indirect:
Set Category  Cost Component Economic Activity Matrix Economic Activity Matrix
Eifsenciirvariable Petroleum-based
1 Fossil fuels OPE)IE products and other Imports  Passenger transport ~ National
. chemical products
(consumption)
Freight transport ~ Petroleum-based Freight transport
2 Fossil fuels variable OPEX products and other Imports  (road, air, and National
(consumption) chemical products maritime)
Vehicle manufacturing
3 Transport Passenger and other Imports  Passenger transport ~ National
technologies =~ CAPEX . P & P
transport equipment
Transport Vehicle manufacturing Freight transport
4 POTE Freight CAPEX and other transport Imports  (road, air, and National
technologies . o
equipment maritime)
Transport Passenger fixed Maintenance and . .
5 technologies ~ OPEX vehicle repairs National  Passenger transport ~ National
Transport Freight fixed Maintenance and . Freight ’Fransport .
6 . . ) National (road, air, and National
technologies =~ OPEX vehicle repairs o
maritime)
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Table 4. Cont.
Shock 0SeMOSYS  0SeMOSYS Direct: Consumed Direct: Indirect: Consumed Indirect:
Set Category = Cost Component Economic Activity Matrix Economic Activity Matrix
Non-transport Petroleum-based
7 Fossil fuels variable OPEX products and other Imports - -
(consumption) chemical products
Manufacturing of
8 Industry Industry CAPEX  electrical equipment Imports - -
and machinery
. | Industry fixed Repair a.nd 1nste}11at10n .
ndustry of electrical equipment National - -
OPEX and machinery
10 .CiVﬂ All Railroad transport National - -
infrastructure
2.4. The Scenario Set up for Energy Sector Mitigation Measures in Costa Rica
This section describes the scenarios. First, Table 5 lists the measures of the National
Decarbonization Plan (NDP) scenario, which combines measures across all sectors, based
on [2,64]. Second, Table 6 describes the scenarios that each represent a single measure
implemented at three levels of climate ambition; most measures relate to an NDC contribu-
tion. The NDP does not include all of the listed measures. For example, the elasticity of
passenger and freight transport to GDP is difficult to define. Unlike zero-emission vehicle
(ZEV) penetration, elasticities depend on exogenous variables that the government cannot
directly influence. These variables are therefore uncertainties from a policy perspective and
are not included in Table 5. Table S1 lists each scenario with its benchmark scenario, i.e.,
the scenario against which economic variables (benefits, investment and fixed costs, and
cost reduction in firms) and emissions are compared. Table S2 maps each measure to its
strategy identifier, scenario codes, and benchmark.
Table 5. Parameter settings used to represent each NDP measure in OSeMOSYS-CR.
Measure Parameter Intervention
Public passenger Public' modes gain 7.5 percentage points of
transport demand mgtorlzed passenger travel by 2035 and 20
Mode shift and ) p01nt§ by 2050 .
. Non-motorized Walking and cycling absorb 4% of BAU
passenger rail transport transport demand motorized trips in 2035 and 10% in 2050

Carries 0.1 Gpkm and anchors the shift to

Electric passenger rail demand public modes

Freight rail

Rail share of heavy freight rises linearly

Electric freight rail demand from 2024 to reach 10% in 2050

Heavy freight ZEV penetration

Light ZEV penetration

Public ZEV penetration

Private ZEV penetration

Battery and hydrogen trucks reach 5% of
the fleet in 2030 and 50% in 2050

Electric share of 5% in 2030 and 50% in
2050; an LPG share of 20% is imposed
until 2030 and then released
Battery-electric buses and minibuses reach
30% in 2035 and 85% in 2050; hydrogen
units reach 3% and 10%

Electric share of the private fleet: 35% in
2035, 99% in 2050

Fleet composition
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Table 5. Cont.

Measure Parameter Intervention
Biodiesel blend reaches 1% in 2026 and 5%
Biofuels % of the fuel volume in 2030; ethanol in gasoline reaches 8%

in 2022

Boilers in industry
Heat production in industry

Heat production for glass
Lift trucks

On-site power generation

Thermal/electrical/mechanical
kW composition

40% of biomass and 60% electric

Electric 90% and biomass 10% of capacity
in 2050

99% electric in 2050

Entirely with electric technology

Battery storage supplies 60% in 2050;
biomass the remainder

Power generation renewability

% of fossil fuel-based production

0% by 2050

Power generation characteristics

Considerations for
model restrictions

No new hydropower; geothermal limited
to already planned projects; incremental
demand, including from transport
electrification, is met by wind and solar
with and without storage

Commercial and residential
LPG consumption

LPG substitution with electricity

LPG is phased out linearly between 2024
and 2050, each unit replaced by an equal
unit of electricity

Table 6. Description of energy sector mitigation measures by ambition level.

NDC . Central Higher
Strategy ID Measure Groups Contribution Lower Ambition Ambition Ambition
Biodiesel blend reaches 1% in 2026 and 5% in 2030; ethanol in
1 Biofuels gasoline reaches 8% in 2022. Modeled at one ambition level
and priced at parity with the fossil fuels it displaces.
Public share of
Mode shift and 1.1 motorized passenger 50% in 2050 50% in 2040
) passenger rail travel: 35% in 2050
transport Rail share of
1.5 passenger travel: 5%  10% in 2050 10% in 2040
in 2050
. , Rail carries 5% of o - o
3 Freight rail 1.3 heavy freight in 2050 20% in 2050 35% in 2050
4a Public ZEV
' p'enetration 14 15% (2035), 30% (2035), 35% (2035),
ib (include H2 for half of 50% (2050) 85% (2050) 100% (2050)
' the participation)
5 Private ZEV 16and 1.7 15% (2035), 30% (2035), 35% (2035),
penetration ' ' 50% (2050) 95% (2050) 100% (2050)
Passenger elasticity to
6 GDP reductions 18 Flastici GDP
asticity to Falls 10% by 2030 Falls 25% by 2050
7 Freight elasticity to 19 falls 10% by 2050
GDP reductions '
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Table 6. Cont.
NDC - Central Higher
Strategy ID Measure Groups Contribution Lower Ambition Ambition Ambition
Average trip
distance scaled by
8 Distances 2.2 0.95 in 2050 Scaled by 0.90 Scaled by 0.80
(passenger and
freight)
9 Renewable electricity 31 Renewable share 100% renewable  100% renewable
system ' held at 98% reached by 2050  reached by 2030
Cor'nmelfcial and LPG share halved LPG eliminated = LPG eliminated
10 residential LPG 3.2 .
relative to BAU by 2050 by 2030
removal
Industr Oil replaced by Oil replaced by Oil replaced by
11 decarbo};liza tion 3.3 natural gas and LPG  biomass and electricity and
(2050) electricity (2050) hydrogen (2050)
Freight ZEV
12.a .
penetration 3.4 15% (2035), 30% (2035), 35% (2035),
12b (include H2 for half of 50% (2050) 85% (2050) 100% (2050)
’ the participation)
. . Intensity 25% Intensity 35%
oo Hemeewn gy febiees WUy sy
y by 2050 2050
Existing hydro
. Expansion led by and geothermal  Strong growth of
14 fr‘izle v;fj;ble options 4.4 hydro and retained; wind distributed solar
y geothermal and utility-scale =~ with storage

solar added

The main ranking compares only the scenarios benchmarked against BAU (Group 1).
Strategies 13 and 14 are built against decarbonized power-system baselines, and results
measured against different baselines are not comparable. These two strategies therefore
appear in the scenario descriptions but not in the cross-measure ranking presented in
Section 3.

3. Results and Analysis
3.1. Techno-Economic Performance

Financial expenses are the sum of CAPEX and OPEX, whereas economic benefits are
defined in Equation (9). Figure 3 shows the results for the NDP scenario described in
Table 5. The energy system'’s costs decrease in the last decade of the horizon (Figure 3a).
Transport costs remain the highest but decrease by 2.8 percentage points of GDP between
the first and last decades of the analysis. In turn, economic benefits, i.e., the costs avoided
relative to BAU, are highest in the last decade (Figure 3b). Avoided fossil fuel and transport
costs yield the largest benefits, which is mainly because of avoided externalities (Figure 3c).
Evidence from the United States similarly shows that electrifying long-haul freight raises
private costs but substantially lowers external costs, yielding net societal savings as the
transition advances [72]. Additional capital spending peaks during 2031-2040, when the
electricity and hydrogen (H2) networks must expand fastest.
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Figure 3. NDP scenario, decadal averages 2021-2050: (a) financial outlays by sector; (b) net economic
benefit relative to BAU by sector; (c) net economic benefit by expense type.

Figure 4 shows the corresponding emission trajectories. Without policy, 2050 emissions
are 84% above the 2021 level. Under the NDP assumptions, emissions in 2030 remain
almost unchanged relative to 2021 despite higher economic activity. By 2050, energy sector
emissions amount to 1.2 MTon, which would need to be offset by forestry. Notably, 0.7 MTon
of the 2050 emissions come from industry, particularly from petroleum coke consumption in
cement production. The remaining emissions come from transport and agricultural diesel;
we do not consider alternatives for the latter.

Figure 5 shows the techno-economic performance of each scenario. The results of
individual measures do not add up to those of the NDP scenario because measures interact
non-linearly. For example, the cost reduction from increased transport use differs substan-
tially with and without electrification. Furthermore, some measures both reduce costs and
avoid cost increases. For example, mode shift with passenger rail alone delivers 73% of the
NDP’s economic benefit because it requires little new electricity infrastructure. However,
this measure alone would achieve only 7% of the NDP scenario’s avoided emissions. Table 7
reports the performance of the scenarios built against special benchmarks.

Table 7. Techno-economic performance of special benchmark scenarios.

Economic Avoided gloe Scttggangiglhz Cost Change on
Measure Groups Ambition  Benefit (% of Emissions Infras trlzrture (% Fossil Fuels (%
1 ° 1
GDP1) (MTon of CO2e) of GDP 1) of GDP 1)
Renewable electricity =~ Central 0.037 -9.1 —0.02 0.06
system High 0.04 -9.9 —-0.02 0.06
Renewable options Low —0.343 not compared -0.34 0.06
analyses High 0.04 not compared 0.04 0.06

https://doi.org/10.3390/s5u182110954


https://doi.org/10.3390/su182110954

Sustainability 2026, 18, 10954

15 of 28

Table 7. Cont.

Economic Avoided ]Sl(:: scttsganiigrhz Cost Change on
Measure Groups Ambition  Benefit (% of Emissions Infrastrzture (% Fossil Fuels (%
1 o 1
GDP1) (MTon of CO2e) of GDP 1) of GDP 1)
Electrical energy Low —-0.15 not compared -0.15
intensity reduction High 0.054 not compared 0.05

! % of GDP results are yearly averages between 2021 and 2050.

BAU NDP NDP
14
125 Sector Consumption sector and fuel
: M Electricity and H2 infrastructure [l Agriculture Diesel
12- [ Industry @ Commercial LPG
[l Other sector demands [ Residential LPG
[ Transport M Industry Diesel
2 10 B Industry Fuel Oil
kS M Industry LPG
= 87 @ Industry Coke
2 [ Transport
S 8-
w
° 6.8
g - 6.7 6.7
&
o 6-
(&)
E]
c
g o 88
6.4
51 5.0 50
2-
1.2 1.2
0
2021 2030 2050 2030 2050 2030 2050
(a) (b) (c)

Figure 4. Annual carbon dioxide equivalent (CO2e) emissions: (a) BAU by sector; (b) NDP by sector;
(c) NDP by consuming sector and fuel.
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Figure 5. Techno-economic performance for every measure group scenario with central ambition.
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Figure 6 shows the financial impacts by sector (or energy system component) and
measure, including variations in ambition. Financial impacts are the economic benefits
excluding the externality component (see Equation (9)) and are used to calculate the cost
reduction in firms. The higher the electrification ambition, i.e., through ZEV penetration
and industry decarbonization, the greater the financial impact on electricity and hydrogen
infrastructure. We do not model how electricity firms recover their investments through
sales; higher costs for these firms are not harmful, as they also gain more customers. Like-
wise, higher ambition leads to larger avoided fossil fuel costs. In the NDP scenario, avoided
fossil fuel costs exceed the additional electricity costs, and avoided transport costs exceed
civil infrastructure costs.

M Civil Electricity
Geasure Ambitions Biomass . i 1"" " andH2  Fossil fuels  Industry Transport
roups infrastructure ; c - cture
1 NDP Net-zero by 2050 0.01 032 -1.01 1.29 063
. Low -0.16 0.22 021
,  [FreightZEV Central -0.26 036 030
penetration
High -0.29 041 0.26
Freight ZEV Low -0.19 022 0.1
3 penetration Central -0.31 0.36 0.12
(with H2) High -0.34 0.41 0.05
Mode shift and Low -0.29 -0.01 0.07 025
4 passenger rail Central -0.29 -0.01 0.12 0.49
transport High -0.29 -0.01 0.15
Private ZEV Low -0.12 024 0.02
rivate
5 penetration Central -0.20 044 -0.04
High -0.21 0.47 -0.05
Low 0.04
6 Distances Central 0.09
High 0.18
Public ZEV Low -0.10 0.08 0.06
7 ublic .
penetration Central 0.15 0.11 0.09
High -0.16 0.12 0.09
Public ZEV Low -0.13 0.08 0.01
8 penetration Central -0.21 o1 -0.01
(with H2) High 0.23 0.12 0.01
Indust Low -0.02 0.02 -0.07 0.00
ndustry . o
9 jecarbonization Central 0.01 0.19 022 0.02
High 0.04 -0.48 0.22 -0.05
Low -0.03 -0.05 0.02 0.1
10 Freight rail Central -0.07 -0.09 004 021
High -0.12 -0.16 0.07 037
Commercial Low -0.05 0.10
11 and residential Central -0.10 0.18
LPG removal High -0.15 023
Passenger Low 0.01 0.04
12 elasticity to Central 0.02 0.08
GDP reductions High 003 0.1
Freight Low 0.01 0.06
13 elasticity to Central 0.02 0.12
GDP reductions High 0.02 014
Financial impact (% of GDP)
o I 1 ~ I 29

Figure 6. Financial impacts by sector and measure group scenario (% of GDP, yearly average
2021-2050).

Notably, only industry decarbonization changes biomass consumption. Furthermore,
the changes in industrial technology costs are smaller than those in other cost accounts,
which is consistent with the relatively low costs of the industry sector in Figure 3a. However,
Figure 6 shows that high electrification ambition in industry has the largest impact on
electricity and hydrogen infrastructure. At central ambition, industry decarbonization
(which keeps a high biomass share, as in Table 5) has as large a financial impact on electricity
and hydrogen infrastructure as ZEV penetration.

Table 7 evaluates alternatives to the central electricity sector assumptions (see
Tables 5 and 6). First, making electricity generation 100% renewable avoids 9.1 MTon of
CO2e if achieved by 2050 or 9.9 MTon of CO2e if achieved by 2030. These reductions equal
5.9% and 6.4% of those in the NDP scenario (Figure 5). Their economic benefits are about
0.04% of GDP with additional costs of 0.02% of GDP. Meeting growing electricity demand
with hydro and geothermal is economically disadvantageous, causing an economic loss of
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0.343% of GDP because of their higher unit costs. Choosing distributed generation over
wind and utility-scale installations yields a slight economic benefit of 0.04% of GDP because
of reduced losses. Finally, holding electrical energy intensity constant would increase costs
by 0.15% of GDP. As expected, therefore, increasing efficiency reduces costs.

3.2. Competitiveness of Key Economic Sectors

Figure 7 shows the cost reduction in firms. Under the NDP scenario, the priority cluster
that benefits most is light manufacturing with a cost reduction of 0.097% of GDP. Indirect
impacts are minimal compared with direct impacts (Figure 7a). Advanced manufacturing
has the smallest cost reduction, although it remains positive at 0.03% of GDP (Figure 7a).
Figure 7b disaggregates the impact on each cluster for each measure. Freight measures
produce the largest cost reductions. Because advanced manufacturing uses freight only
indirectly (by consuming freight-intensive activities), its freight-related impacts are smaller
than those of agriculture and light manufacturing. The link between food and beverage
transport and tourism also explains the relatively high freight impact on tourism. Industry
decarbonization, in turn, benefits the manufacturing clusters. Passenger transport measures
affect tourism and modern services more, because these activities revolve around people
rather than goods. These firm-level cost reductions are consistent with the broader literature
linking economic complexity and renewable energy to lower emissions, although recent
panel evidence for the European Union finds that this mitigating effect becomes negligible
in high-emission economies [73].

Expense change Direct expense Indirect expense

Measure Groups  Cluster (% of GDP)  change (% of GDP) change (% of GDP)

NDP

Agriculture

Light manufacturing
Advanced manufacturing
Tourism

Modern services

Cost change (% of

GDP)

-0.100 I ©m————— 000

Measure Groups

(@)

Light Advanced Modern

Agriculture  manufacturing manufacturing Tourism services

Freight ZEV penetration
Freight ZEV penetration
Private ZEV penetration
Mode shift and passeng

Distances

Freight elasticity to GDP reductions

Freight rail

Passenger elasticity to GDP reductions

Public ZEV penetration

Industry decarbonization

Commercial and residential LPG removal

Public ZEV penetration

(with H2)

er rail transport

(with H2)

Cost change (% of GDP)

0070 I 0.000

(b)

Figure 7. Cost reduction by economic cluster (a) for the NDP scenario and (b) per measure group
scenario. Values are 2021-2050 yearly averages.
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3.3. Priorities: Safely Meeting the NDC and Strengthening Prioritized Sectors

Here, we combine the findings of Sections 3.1 and 3.2 through Equation (16). Figure 8a

shows the policy ranking for metrics with one, two, three, or four variables. If only emissions

are considered, ZEV penetration measures rank highest. When economic benefits are added

(with a weight equal to that of emissions), mode shift with passenger rail takes the lead

(two-variable metric, Figure 8a). When firm competitiveness is included (three-variable

metric, Figure 8a), freight ZEV penetration overtakes mode shift as the most important

measure. As shown in Figure 7, this measure reduces transport costs for agriculture and light

manufacturing. Finally, when affordability is also considered, mode shift and passenger

rail ranks second—ahead of freight ZEV penetration with hydrogen (Figure 8b).

Emissions in 2050

Measure Groups. :
P (normalized)

Metric with 2 vari

bies|Metric with 3 variables|Metric

with 4 variables

NDP
Freight ZEV penetration

Freight ZEV penetration (with H2)

Public ZEV penetration

Industry decarbonization

Freight rail

Public ZEV penetration (with H2)

Freight elasticity to GDP reductions.
Passenger elasticity to GDP reductions
Commercial and residential LPG removal

Renewable electricity system

Scale of the metric with 3 variables

(@

Metric with 3 variables

Measure Groups
1 NDP 1
2 Freight ZEV penetration 2
3 Freight ZEV penetration {with H2) 3
4 Mode shift and passenger rail transport 4
5  Private ZEV penetration 5
6 Distances 6
7 Public ZEV penetration 7
8 Industry decarbonization 8
9 Freight rail 9
10 Public ZEV penetration (with H2) 10
" Freight elasticity to GDP reductions i
12 Passenger elasticity to GDP reductions 12
13 Commercial and residential LPG removal 3
14  Renewable electricity system 14
15  Biofuels 15

Scale of metric with 3 variables
COME, o 1 00
(b)

Metric with 4 variables

Measure Groups

NDP

Freight ZEV penetration

Mode shift and passenger rail transport
Freight ZEV penetration (with H2)
Freight elasticity to GDP reductions
Distances

Freight rail

Passenger elasticity fo GDP reductions
Private ZEV penetration

Commercial and residential LPG removal
Public ZEV penetration

Biofuels

Renewable electricity system

Industry decarbonization

Public ZEV penetration {with H2)

033

032

0.32

0.30

029

0.26

0.26

0.26

020

Scale of metric with 4 variables
0.00

075

Figure 8. Policy ranking by metric (a) comparing the number of variables in the metric and (b)

comparing the ranking change.
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Measure Groups

Without the affordability variable, central-ambition industry decarbonization ranks
seventh among the thirteen central measures. With it, industry decarbonization falls to
eleventh because of its high demand for electricity and hydrogen infrastructure (Figure 5).

The ranking depends on what governments and firms value. If governments can
finance any measure, the three-variable metric (Figure 9) identifies the focus set: (i) road
freight electrification, (ii) mode shift and passenger rail transport, and (iii) private passenger
transport electrification. Item (i) covers both freight variants: the battery and hydrogen
variants rank first and second, mode shift ranks third, and private passenger electrification
follows. This ordering is identical under a ratio-based normalization and the min—-max
index used here. We report each measure’s contribution individually (Figures 5 and 6) and
do not sum contributions across measures because, as Section 3.1 shows, measures interact
non-linearly, so single-measure results are not additive. Quantifying the combined effect of
the top measures requires a combined scenario run, which we leave for future work.

Net-zero by . High Central Low
2050  DOMelS  anbiion  Ambition  Ambition

1 NDP

2 Freight ZEV penetration
3 Freight ZEV penetration (with H2)
4 Mode shift and passenger rail transport

5  Private ZEV penetration

6 Distances

7 Public ZEV penetration

8 Industry decarbonization

9 Public ZEV penetration (with H2)

10 Freight rail

1 Commercial and residential LPG removal
12 passenger elasticity to GDP reductions
13 Freight elasticity to GDP reductions

14 Renewable electricity system

15 Biofuels

1.00

Scale of metric with 3 variables

CONE, S ' 00

Figure 9. Policy ranking by measure group and ambition with a metric with three variables (without
considering the investment and fixed costs). The order is according to central ambition.

Under the min—-max index, the reference NDP scenario scores 0.742 with four equal
weights. A ratio-based normalization would fix this score at 0.75 by construction; the
min-max score is instead data-determined and therefore informative.
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Measure Groups

Compared with a ratio-based normalization, the min-max index changes one position
in the four-variable top four. Private passenger electrification rises to fourth, displacing
freight elasticity to GDP. The mechanism is the normalization. A ratio-based affordability
metric is unbounded and rewards measures with near-zero or negative investment. Bounded
min-max scaling removes that advantage. The elasticity, distance, and freight-rail measures
each fall three to four positions across the full scenario set for the same reason. The top
three are unaffected.

Figure 9 shows that low-ambition industry decarbonization, i.e., based on gas instead of
liquid petroleum products, is the lowest-ranking measure with economic implications under
the three-variable metric (the low-ambition renewable electricity system is a benchmark).
Moreover, biofuels rank last because they have no economic implications in our model-
ing. High-ambition industry decarbonization scores lowest under the four-variable metric
(Figure 10). As Figure 6 shows, this is due to its high electricity sector demand. Hence,
biomass remains relevant for industry in 2050 because of its relative cost-effectiveness.

Central Low
Ambition Ambition

Net-zero by
2050

High

Biofusls o i6on

NDP

Mode shift and passenger rail transport

Freight ZEV penetration

0.75

Freight ZEV penetration (with H2) 0.1 0.44 0.40
Freight elasticity to GDP reductions 0.36 0.35 0.30
Distances 0.43 0.34 0.30
Freight rail 0.39 0.33 0.29
Passenger elasticity to GDP reductions 0.35 0.32 0.29
Private ZEV penetration 0.32 0.32 0.32
Commercial and residential LPG removal 0.30 0.30 0.28
Public ZEV penetration 0.29 0.29 0.29
Industry decarbonization 0.06 0.26 0.22
Renewable electricity system 0.26 0.26 0.25
Biofuels 0.26
Public ZEV penetration (with H2) 0.18 0.20 0.24

Scale of metric with 4 variables

000 Y , I 7

Figure 10. Policy ranking by measure group and ambition with a metric with the four variables. The
order is according to central ambition.

Figure 10 also shows the low ranking of public ZEV penetration with hydrogen, owing
to its relatively small emission reductions (11.33% of the NDP’s potential; Figure 5) and
its low impact on firm competitiveness (Figure 7). It is therefore more important for
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the government to encourage public transport use (the top-ranked passenger measure in
Figure 10) by improving safety and speed than to purchase electric or hydrogen buses. In
general, hydrogen options rank lower than battery-electric options because hydrogen is
expected to be relatively more expensive. Recent cost projections support this ordering,
finding that battery-electric trucks can already achieve total cost of ownership benefits
over diesel, whereas fuel-cell trucks are unlikely to reach cost parity in the 2030s while
green hydrogen remains expensive [74]. Nonetheless, costs and technical performance are
uncertain and could change this ranking. Furthermore, the hydrogen options assume a
50-50 split between battery and hydrogen technologies by 2050. Hence, our results bracket
the attractiveness of hydrogen penetration between 0% and 50%.

Finally, some measures, such as reducing kilometers traveled and the elasticity of
transport demand to GDP, make the overall transport system more efficient. These efficiency
gains are not necessarily cost-free, but our modeling does not include their implementation
costs. As a result, these measures rank higher under the four-variable metric than under
the three-variable metric. However, just as there are unaccounted costs, there are also unac-
counted benefits. For example, distance reduction goes hand in hand with more compact
and healthier cities. Changes in the elasticity to GDP are possible through productivity-
boosting technologies, such as automation, driverless vehicles, and other logistics-enhancing
technologies. We leave a more detailed analysis of these measures for future work.

3.4. Robustness of the Ranking

The ranking is the paper’s central claim. We therefore test it against the assumptions
a reader could reasonably contest. All tests are post-processing sensitivities. They hold
the optimized activities fixed and do not re-solve the model. Each test recomputes all four
normalized metrics over the full Group 1 scenario set before ranking. Most tests use the
cost-reduction values behind the main ranking. The electricity-channel and sector-mapping
tests require shock-level detail and use the reproducible production-minus-use variant. The
top four measures are the same under both.

e  Weights. We drew 10,000 weight vectors uniformly from the four-weight simplex.
Freight electrification appears in the top three in 100% of draws. Mode shift with
passenger rail appears in the top three in 81% of draws, and the hydrogen freight
variant appears in the top three in 80%. No other measure exceeds 19%. One-at-a-time
weight sweeps confirm the pattern: freight electrification stays in the top three at
every breakpoint.

e  Electricity cost channel. The main analysis excludes power-sector cost increases from
the cost pass-through while retaining avoided fossil fuel costs (Section 2.3). As a test,
we add the power-sector variable-cost channel. Its effect is small: it changes the cost
reduction in firms by less than 0.001 percentage points of GDP for every central measure.
The civil infrastructure shock is assigned to rail operations; an alternative assignment
moves mode shift’s cost reduction in firms from +0.02 to —0.03 percentage points
of GDP, which is a larger effect than the electricity channel. The top four composite
positions are unchanged in both cases.

e Implementation costs. We priced a representative 10 km corridor [75] at the Latin
American median cost of a full segregated busway, USD 14.7 million per km [76],
and at a light bus-priority retrofit cost of USD 0.4 million per km [77,78]. The retrofit
adds 0.006% of GDP to investment and leaves mode shift’s rank unchanged. The
full busway adds 0.23% of GDP and moves mode shift from second to third among
central measures. The top-three set is unchanged; only its internal order moves. The
prominence of mode shift in the main ranking therefore depends in part on the omission
of its implementation costs.
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e Integration costs. The annual time resolution understates storage, reserve, and balanc-
ing costs. We therefore marked up the capital and fixed costs of the nineteen electricity
and hydrogen infrastructure technologies by 20% and 50%. At 4+-20%, no central mea-
sure changes rank. At +-50%, the top three hold; only adjacent lower positions swap.

e  Externality values. Avoided externalities dominate the economic benefits. Table 2
reports all ten unit-value groups for health, accidents, and congestion with sources [64].
We scaled all externality values simultaneously to 50%, 70%, and 130% of their central
values. The top three and their order hold in every case. Mode shift keeps second
place even at half the central externality values.

e  Fuel prices. The 1.9% annual fossil-fuel price growth assumption enters through
six fossil distribution cost streams. We varied growth from 0% to 5% per year. The
top-three set holds across the range. Its internal order flips above approximately 4.7%
per year: the hydrogen freight variant rises to second and mode shift falls to third.
Higher fuel prices favor deeper freight decarbonization; they do not change what the
top measures are.

e Discount rate. The uniform 5% rate enters the optimization objective and there-
fore shapes the capacity decisions themselves. Re-discounting cost streams in post-
processing would misrepresent a model that would have made different choices at an-
other rate. We therefore report the rate and treat alternative rates as re-optimization work.

e  Sector mapping. The shock-to-sector mapping contains judgment calls. We perturbed
four borderline assignments one at a time, preserving each shock’s magnitude and sign.
One perturbation is immaterial. Three are material. Reassigning freight fixed-cost
maintenance raises the freight measures’ cost pass-through by up to 0.16 percentage
points of GDP. Reassigning civil infrastructure from rail operations to construction
changes the sign of mode shift’s cost effect. Reassigning electricity and hydrogen
construction spending lowers the cost pass-through of the electrification measures by
up to 0.15 percentage points. These are uncertainty bounds on the cost metric, not
preferred remappings; we did not recompute composite ranks under them.

e  Untested assumptions. Two assumptions remain untested: the transport demand
elasticities and the 20% industrial energy-intensity reduction by 2050. Both enter the
optimization, so varying them requires re-solved scenario ensembles, such as those
produced with robust decision-making workflows for OSeMOSYS models [79,80]. We
state the expected direction of each effect. Higher elasticities increase transport activity
and would strengthen the transport measures that already lead the ranking. A weaker
industrial-intensity assumption would strengthen industry decarbonization, which
ranks mid-field under both indices.

The identity of the top three measures survives every test. Their internal order is
conditional. It responds to implementation-cost scope and to fuel-price growth above 4.7%
per year. We report this conditionality as a finding: the choice among the top measures
depends on what the decision-maker values, while the top set itself does not.

4. Discussion

Our findings are consistent with other national assessments. Cost-benefit studies
under deep uncertainty find net benefits of USD 41 billion for Costa Rica [2,3], USD 140
billion for Peru [3], and an additional 0.8% of GDP growth for Chile [4]. In those studies,
benefits arise from several transformations; in Costa Rica, transport measures dominate
both abatement and benefits [2]. One feature sets Costa Rica apart: because its power
sector is almost entirely renewable, transport electrification cuts emissions immediately
rather than depending on grid decarbonization. The prominence of freight electrification is
consistent with United States evidence that electrifying long-haul trucks reduces societal
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costs [72] and with rapidly declining truck battery and fuel-cell costs [74]. The hydrogen
variant ranks third despite its higher investment costs because the emission and cost pass-
through benefits of freight decarbonization dominate; further declines in fuel-cell costs [74]
would strengthen this result. Our method differs from most MCDA applications in energy
planning [52-55], which rank options using expert-elicited scores. Here, a national energy
model coupled to the input—-output structure generates the criteria values. The ranking
therefore benefits from scenario-consistent physics and cost accounting, but it also inherits
the model’s assumptions, which is why we report robustness across weights, externalities,
integration costs, implementation scope, and fuel prices as primary results.

5. Conclusions

We developed a pragmatic methodology that links detailed bottom-up techno-
economic modeling (disaggregated by energy sector component) to impacts on economic
activities through a national input-output matrix. We prioritized measures using four met-
rics: emission reductions (avoided emissions relative to BAU), economic benefits (avoided
costs relative to BAU, including transport externalities), investment and fixed costs (reflect-
ing how affordable each measure is), and the cost reduction in firms. We propose that the
higher a measure’s priority, the more necessary it is for decarbonization, which can guide
implementation by government and the private sector.

Furthermore, we disentangled the effect of each climate mitigation measure in Costa
Rica’s energy system at different levels of ambition. We focused on the economic activities
that the government prioritizes for development: activities that increase the country’s
economic complexity and thus its economic growth. For Costa Rica, these activities cluster in
agriculture, light manufacturing, advanced manufacturing, tourism, and modern services.

Three findings are robust to the sensitivity analysis. First, road freight electrification is
the most robust priority. It ranks in the top three under every weighting sampled, every
externality value tested, and integration-cost markups up to 50%. Second, passenger mode
shift with rail is strong but conditional. Its rank depends on the scale of its supporting
infrastructure: full busway costs push it from second to third. Its second place also requires
fuel price growth below about 4.7% per year. Third, the robust output of the method is the
prioritization itself rather than a single ranking. We report the thresholds where the top set
changes, so decision-makers can place their own weightings against them. Single-measure
results are not additive. Quantifying combined portfolios and their interactions under
uncertainty, for example with the OSeMOSYS-RDM workflow [80], and recalibrating to
post-2024 growth are the next steps of this work.

Contribution to sustainable development: The method joins two agendas that gov-
ernments usually pursue separately: emission reduction and productive development. By
passing energy-system scenario costs through the national input-output matrix, it measures
whether a mitigation measure lowers or raises the input costs of the sectors a country
has chosen to promote—a quantitative tool for the economic pillar of sustainability that
complements the environmental accounting energy models already provide. For Costa Rica,
the measures with the largest emission cuts, road freight electrification and passenger mode
shift, also reduce costs for agriculture and light manufacturing, so the low-carbon path and
the industrial path reinforce rather than compete. The composite index and the 10,000-draw
weight analysis make explicit how far that conclusion depends on stated priorities, which
supports transparent NDC and long-term strategy deliberation. Because the pipeline is
open and relies on data most middle-income countries already hold—a national energy
model, an input-output table, and a list of priority sectors—it transfers to other national
processes with direct relevance to SDG 7, SDG 9, and SDG 13.
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Our work offers new prioritization criteria to inform future decision-making processes,
such as climate financing programs or NDC updates. However, it has five main limitations
that future work can address. First, the link between the techno-economic modeling in
0SeMOSYS-CR (the underlying mitigation model) and the economic activities of the input—
output matrix is based on expert criteria. It could be improved through national accounts
modeling by national economic authorities using additional information sources. Second,
for reductions in distance driven and in the elasticity to GDP, we account only for their
effects on energy consumption and vehicle requirements. Future work can expand the
modeling of cities and production to include additional technology and infrastructure costs.

Third, our analysis assumes that renewables can meet demand without operational
limitations, although distributed generation is constrained by the hosting capacity of distri-
bution circuits [81]. Future work should consider the implications for system reliability, and
the trade-offs, of choosing one generation option over another. Fourth, costs and benefits
will be unevenly distributed across the decades to 2050; future work should examine the
trade-offs of decarbonization as the process unfolds. Our approach can also be adapted to
other countries or subnational regions and expanded to non-energy sectors.

Fifth, the shock-to-sector mapping follows documented expert criteria, and a perturba-
tion test shows that the cost metric can move by 0.06 to 0.16 percentage points of GDP under
alternative plausible assignments. The sign of mode shift’s cost effect depends on whether
civil infrastructure is assigned to transport or construction. The shock-to-sector assignments
are listed in Table 4; the full activity-level mapping is available in the public deposit.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su182110954/s1, Table S1: Benchmark scenarios per mitigation
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Appendix A

Table Al. Consumption distribution by economic activity [70].

Account Economic Activity

Fossil Fuel Vehicle Electricity
Imports Imports  Supply

Top 5 intermediate demand
(fossil fuel imports)

Petroleum-based products and other
chemical products

Freight transport (road, air, and maritime) 5.30%
Road passenger transport excepting taxis ~ 3.80%

6.10%

Pineapple crops 3.80%

Human health and social assistance 2.60%

Freight transport (road, air, and maritime) 1.10%
Top 5 intermediate demand Road passenger transport excepting taxis 0.602/0
(vehicle imports) Trade . . 0.50%

Road passenger transport with taxis 0.40%

Maintenance and repairs of vehicles 0.40%

Electricity supply 6.20%
Top 5 intermediate demand Erade I 5'10:/0
(electricity supply) ood and bevgrage a.ct.1\'71t1es 4.70 0/o

Accommodation activities 2.80%

Human health and social assistance 2.60%
Intermediate demand 69.30% 5.70% 66.00%
Household consumption 21.70% 44.50% 32.60%
Government consumption 0.00% 0.00% 0.00%
Gross fixed capital formation 0.00% 45.80% 0.10%
Stock variation 2.40% 3.40% 0.00%
Exports 6.50% 0.70% 1.30%
Total utilization [million] USD 1346 USD 766  CRC 920,560
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