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HIGHLIGHTS

e Country-wide implications of deploying centralised CCU were stochastically evaluated.
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e Portugal's energy system does not achieve 0 natural gas imports by 2050 without CCU.
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ABSTRACT

An Energy System Model (ESM) was developed to evaluate, under uncertainty, the net present value (NPV) and
Greenhouse Gas (GHG) Emission abatement potential of centralised e-methane production in Portugal between
2030 and 2070. It is the first article to adopt a stochastic, simulation-based approach rather than an optimisation
approach to study the effects of Carbon Capture and Utilisation (CCU) networks within ESM.

The model, called “Long-term Uncertainty Stochastic Outlook” (LUSO) was developed using a top-down
approach in the Low Emissions Analysis Platform (LEAP) software. The electricity, industrial, transport, resi-
dential, and services sectors were modelled simultaneously, with hourly-resolved load curves of 192 time slices.
Fourteen variables were varied stochastically across 1300 runs. The sensitivity of NPV and GHG Emission
Abatement results to the fourteen variables was analysed using both tornado charts and multivariable linear
regression.

Results show that centralised e-methane production in Portugal is not economically viable and would yield
limited emission-reduction benefits if current historical trends in key macroeconomic variables are maintained.
The NPV (at a 4% discount rate), cumulative GHG emissions avoided, and NPV/CO, avoided (10th to 90th
percentile ranges) vary, respectively, between —60 to —46 B€, 46 to 69 Mt. CO2 eq, and from 800 to 1121
€/tonne CO.

Future work should add technical depth, using recursive calculations to better represent macroeconomic
variables like GDP and its link to energy demand. It could also develop dynamic models of electric mobility and
utility-scale storage, examining how their evolving demand and supply patterns interact with future electricity
grids.

1. Introduction

However, uncertainty remains regarding both the relative effectiveness
of the technological pathways and the appropriate timing for their

The energy transition is essential to keeping global average tem- implementation to achieve this goal. Although it is broadly acknowl-
peratures within the 1.5 °C to 2 °C range above pre-industrial levels. edged that clean energy investments must expand by approximately 1%
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of global GDP annually through 2030 [1], the optimal distribution of
such capital across the various existing decarbonization vectors remains
indeterminate.

One of the current potential decarbonisation vectors is the carbon
capture and utilisation (CCU) technology. CCU uses hydrogen in com-
bination with carbon dioxide captured from industrial point sources,
biogas upgrading plants or directly from the atmosphere to produce, for
example, a relevant product such as e-methane. E-methane can mitigate
a large share of natural-gas-derived CO; emissions by enabling the
substitution of fossil natural gas without changes to end-user or trans-
port infrastructure. In 2021, these emissions amounted to 11 Mt. CO; in
Portugal, making CCU a likely essential decarbonization pathway until
2050 in the view of policymakers [1].

Our previous analysis found that a centralised e-methane network
with a production of 9.3 TWh would require annual subsidies of €3.4
billion between 2030 and 2055 to achieve breakeven with a 95%
probability [2].This occurs during simultaneous optimization of both
cost and environmental impacts associated with e-methane production.
This substantial subsidy results from the significant gap between the
current cost of e-methane (0.20-0.31 €/kWh) and that of fossil methane
(0.06 €/kWh) [2]. The difference is primarily driven by the high cost of
hydrogen, which accounts for roughly 90% of the total cost of producing
e-methane via CCU [2]. The previously modelled CCU network was
optimized, but a macroeconomic, top-down perspective on its inclusion
in the Portuguese energy system remains unresolved. The beforemen-
tioned high subsidy requirement could be justified if the current
decarbonization trajectory falls short of meeting the goals of the Paris
Agreement and achieving carbon neutrality by 2050. It would also be
justified if the cost of COz abatement through alternative technologies or
vectors exceeds the subsidy required to produce e-methane via CCU.
These questions can only be meaningfully addressed through a
comprehensive analysis of how the CCU network interacts with and
integrates across other economic sectors. This is because the activity
sectors that depend on natural gas—and, by extension, on the e-methane
that would replace it—follow their own decarbonization pathways.
These factors must be considered to fully assess the viability of investing
in e-methane through CCU.

Decarbonisation via CCU can be analysed using Energy System
Models (ESMs). ESM are closed systems, mathematically formulated,
that balance the interactions among energy consumption, production,
and transformation across several economic sectors as a function of
multidimensional variables related to technology, the economy, policy,
and climate [3]. These models are typically developed over time hori-
zons spanning from 20 to 50 years [4] and are designed to orchestrate
multiple pathways that facilitate systemic transformations in societal
energy production and consumption. Their results aim at informing
policy-makers on the requirements to achieve climatic goals and their
implications [5] and have been used in regional energy planning in the
European Union. For example, they are at the foundation of Portugal's
National Energy and Climate Plan, which outlines the necessary steps to
achieve energy transition goals over the next 10 years [6].

Examples of ESM applications in CCU are presented in Table S-1.
Their analysis reveals that ESMs are typically implemented in a deter-
ministic manner, relying on single long-term projections of key param-
eters to inform their energy planning decisions [7]. Uncertainty in these
forecasts is usually handled through scenario analysis, where “what-if”
narratives are explored to analyse long-term policies [8] [9] [10] [11]
[12] [13] [14] [15] [16]. Such an approach cannot fully anticipate
actual developments in energy systems and is too limited to capture the
full range of possible model outcomes. An example of such a limitation is
demonstrated by a US EIA study, which found industry final energy
demand ranging from —40 to 31% when performing deterministic
forecasts [7]. This is because the study failed to accurately account for
the evolution of demand, market price dynamics, and consumer re-
sponses to the technical landscape across end-use activity sectors.

Secondly, ESM are generally modelled as optimisation problems,
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where, for instance, the objective function is set as the minimisation of
total energy costs [9] [10] [11] [13] [14] [15] or emissions [17], or a
combination of these by taking into account the maximization of profits
by energy producers [8]. An emission mitigation target is usually
imposed as a model constraint (for example, carbon neutrality or 95%
emission reductions by 2050) [8] [12] [16]). This forces the ESM to
converge on a future state of the energy system that meets those re-
quirements, despite potential incompatibility with stakeholder expec-
tations [4]. Finally, optimisation makes the models extremely sensitive
to user-input parameters and/or constraints, leading to results that vary
significantly across similar case studies. For example, Bardon et al.
(2025) highlighted that results from ESM models by different authors for
projected GHG emissions in the global aviation industry in 2050 ranged
from 60 to 3391 Mt. CO; Eq. [17], due to different user assumptions and
ESM modelling frameworks.

The third aspect concerns the difficulty of accounting for all aspects
of the energy system and their relationships with society in a mathe-
matical model, including market failures, unpredictable consumer
behaviour, modelling/measurement errors, and even rebound effects.
All this compromises the ability of any single ESM to predict the future
state of the energy system [18] [19]. This underscores the importance of
adequately incorporating uncertainty into the ESM to support robust
policy planning [4] [18]. To address this, probabilistic projections are an
option because they combine predictive thinking with in-depth uncer-
tainty assessment and thus can provide greater accuracy than deter-
ministic methods [19]. Nevertheless, only about one-third of ESM
studies in recent years accounted for uncertainty [3], and none focused
on CCU.

The existing national ESM, used for example for estimating the po-
tential of CCU for decarbonisation in Portugal, as documented by Por-
tugal's National Energy and Climate Plan and by the Portuguese Energy
and Geology Directorate (Direcao Geologia e Geologia) [6] [1] evidence
the aspects mentioned before on the trends for the existing energy
models. The ESM outcomes shown in the National Energy and Climate
Plan (model so-called TIMES-PT) are deterministic results of cost-
optimisation of the Portuguese energy system under two scenarios.
Conversely, the study by the Directorate that developed the model
JANUS, presents results for a deterministic, non-optimized scenario
(CN50) which reflects the Directorate's agreed-upon vision of how the
energy system should operate to meet legal decarbonisation targets
while satisfying energy demand. These two approaches offer an oppor-
tunity to demonstrate the benefits of an alternative ESM approach for
modelling the potential benefits of CCU.

To address current literature gaps, this work develops an exploratory
stochastic simulation-based energy system model spanning 2022-2070
to produce e-methane via CCU by capturing CO, from industrial sources.
No optimisation is performed. The results determine whether the net
present value (NPV) and CO, emission avoidance associated with the
hypothetical existence of a centralised e-methane production plant in
Portugal are beneficial compared to its exclusion from the Portuguese
energy decarbonisation strategy. Results will inform policymakers by
providing probabilistic cost estimates of COy abatement through CCU
technology and insights into its absolute emission-reduction potential,
thereby supporting decision-making amid uncertainty. The work's nov-
elty lies in the stochastic assessment of centralised CCU deployment
within a LEAP-based Energy System Model, having Portugal as a case
study. To do so, different combinations of key macroeconomic and de-
mographic variables likely to influence the outcomes of the ESM will be
simulated together. By doing so, it is possible to capture all possible
developments in the future national energy system under uncertainty
and, in the end, inform on the likelihood of the economic feasibility of
such an investment. Furthermore, the stochastic projections of these key
variables (e.g., macroeconomic, technical, market-related, including, for
instance, projected vehicle sales) are performed based on their recent
trends and evolution.

This article is structured as follows: Section 2 describes the
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Fig. 1. Interaction between the ESM and the Monte Carlo algorithm developed in Python.

methodology, where the LEAP is used to model the national energy
system and the modelled stochastic ESM with and without the CCU
network used to produce e-methane. Section 3 presents results and
discussion. It shows and compares the results obtained with those from
the existing national reference ESM. This section discusses the impli-
cations of the results for a wide audience (e.g., scientists and policy-
makers), overviews the viability of the CCU network and at the end
identifies the limitations of the work. Finally, Section 4 draws the con-
clusions and provides recommendations for future work.

2. Methodology

This section outlines the development of the Energy System Model
(ESM). This model, built using the LEAP software, is called Long-term
Uncertainty Stochastic Outlook, or LUSO for short. The methodology
section describes the use of LEAP to build the model structure (Section
2.1.), defines system boundaries (Section 2.2.), time resolution, and
sector coverage, and presents the stochastic variables and equations
applied (Section 2.3.). It also explains how energy demand and trans-
formation processes are modelled (Sections 2.4. and 2.5.), and concludes
with the method used to estimate Net Present Value (NPV) to assess the
profitability of investing in a centralised CCU unit (Section 2.6.).

2.1. The LEAP software and the ESM structure

LEAP is a software tool for modelling energy systems that enables the
estimation of pollutants from a wide range of energy and non-energy
sources. It is a scenario-based software designed for medium- to long-
term modelling, featuring an annual calculation time step with hourly
temporal resolution [20]. This makes it well-suited for modelling
renewable electricity generation and its relationship to sector-specific
energy “load curves”, which represent the share of total electricity
consumption in each hour, enabling separation between night and day
and between peak-to-peak power consumption [21]. It has been used by

the Portuguese Energy and Geology Directorate to develop, for example,
the National Hydrogen Strategy [22]. The present work uses the LEAP
software version 2024.4.0.8 [23].

To perform stochastic energy system modelling in LEAP, it was
necessary to develop a Python Monte Carlo script and integrate it with
LEAP's built-in Component Object Model (COM) application program-
ming interface (API). Fig. 1 shows the interaction between the ESM and
the Monte Carlo algorithm, implemented in Python within the LEAP
software.

The script performs multiple iterations of a repetitive task. In step 1,
the script randomises the values of stochastic variables according to
predefined distributions for each variable. These are then uploaded to
LEAP to carry on the simulation. In step 2 and for each iteration, two
simulations are performed — one where a centralised CCU is deployed
(“with CCU”), and one where it is not (“no CCU”). In step 3, the simu-
lation allows the calculation of the values needed to estimate the Net
Present Value (NPV) and CO, abatement cost of CCU. These values
include net imports of natural gas and hydrogen, exports of e-methane,
and CO, emissions from natural gas combustion. The latter results from
the built-in emission factors in LEAP withdrawn from the IPCC 6th
Assessment Report [24]. The results obtained for a total of 1300 itera-
tions were saved for further analysis.

2.2. ESM system boundaries

The ESM scope covers continental Portugal. It subdivides each year
into 192 time slices (4 seasons, 2-day types — weekday and weekend, and
24 h each). Results are calculated and output at an annual timestep,
spanning 2022 through 2070. The latter year represents the typical
maximum time horizon used in a study—approximately 50 years into
the future [14]. In addition, one objective of this work is to assess the
potential benefits of synthetic methane production beyond the project's
economic lifetime (25 years after 2030). Extending the analysis to 2070
ensures that the potential long-term benefits of the CCU network may
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Table 1
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Minimum, central and maximum values for the variables used in the stochastic analysis. Statistical distributions were assumed to be triangular for all cases except for
annual offshore wind capacity.

Stochastic variable Activity sectors Minimum Central Maximum Limit Observations
affected
Electrolyser Capacity 0.08 (assumes that 1 (assumes that 52% 1.92 (assumes that Assumption fo.r “Maximum® ?ase - IEA
s Hydrogen Project Database [26] and
Multiplier, EChtiptiers E only 4% of the of the announced 100% of announced bli di "
used to calculate nergy i announced projects projects are installed projects in Portugal will ~ N/A public m.e 2 an‘r‘wL.mAc emer: s
electrolyser capacity Transformation will be installed on (average between 4 be installed on their Assumption for I\'/Imlmu.m case:
in each year. their announced dates)  and 100%) announced dates) percentage of pr'OJects with FID or
under construction today, 4% [27].

Final Energy Intensity b —2.25%/year (trend —2.79%/year (trend —3.58%/year (trend Odysse-Mur'e data for'aggregate .
Degrowth Rate Energy Demand 2000-2022) 2015-2022) 2019-2022) N/A Portuguese industry since 2000 until
(%/year), FEgegrowth 2022 [28]

G n 6 tare o
Icr;l‘cj:stry (%/year), Energy Demand —0.13%/year 0.06%/year 0.32%/year N/A for carbon neutrality for the GVA share

growth of industry in 2050 [29]
Fuel consumption based on the
weighted average of the most sold

Specific FueI. Weighted average fuel vehicles ir} Portugal by l?rand and
Consumption of Road Energy Demand —20% of central economy by power- +20% of central values  N/A power-train type according to data
Transport (MJ/100 values. train type. from INE [30].
km), SFCyoad Parametric variation of +20% adopted

based on recommendations by Moret
etal. [7].
Hydropower Capacity Monthly installed Cfipficity data from
Growth (%/year) Energy 0.01%/year (trend 1.89%/year (trend 3.21%/year (trend 9GW Portuguese Transmission System
’ Transformation® 2018-2020) 2016-2018) 2018-2022) Operator REN between 2015 and 2022
HPCgrowth j
[31]

Sp;:c-i?g:ygal Yearly data reported by ERSE for
Transmission capacity Energy 2.67%/year (trend 4.36%/year (trend 8.30%/year (trend N/A maximum interconnection capacity
growth (%/year) Transformation® 2016-2018) 2020-2022) 2010-2018) available for importing purposes

’ between 2007 and 2022 [32].
ETCgrowth
Monthly installed capacity data from

Solar PV capacity Portuguese Transmission System
growth (%/year), Energy L 14.9%/year (trend 25.9%/year (trend 36.8%/year (trend 77 Operator REN [31] between 2015 and
VG Transformation 2016-2019) 2018-2022) 2021-2022) GW 2022.

growth Technical implementation limit from
LNEG's “go-to areas” report [33].
Central GDP growth trajectory equal to
LEAP's built-in IPCC SSP3 trajectory,

GDP growth multiplier, the .one. which deviates the I?ast from
used to calculate GDP  Energy Demand® -0.4 0 0.7 N/A prOJectlons. assumed by previous work
in each year, GDPyu by the Natl'onal Energy and Climate

Plan, the Directorate of Energy and
Geology or the Roadmap for Carbon
Neutrality.

The “central” case assumes the timely
commissioning of the announced
utility-scale battery storage projects
and the calculated growth rate between

Battery storage capacity 2925 and 2030 (élcoutim BESS,
installations (MW/ Energy g5 Mw/year 141 MW/year 184 MW/year N/a  DisBATT, Sol de Evora BESS, Graga do

Transformation Divor BESS, Pego Cluster Storage, and
year), BSCyearty PRR-awarded projects) [34] [35] [36]
[371.
Minimum and Maximum growths
calculated using a [—40%;+30%]
range.
Monthly installed capacity data from
Portuguese Transmission System
Oré}sr:;/ihvi;:/iy(é:f; city Energy 0.84%/year (trend 1.04%/year (trend 1.47%/year (trend 10.4 ggggfltor REN [31] between 2015 and
’ Transformation' 2016-2019) 2019-2022) 2015-2022) GW L L
ONWronin Technical implementation limit from
the National Energy and Climate Plan
[6].
Historical values obtained from the

EV sales share growth Energy 14.3%/year (trend 27.4%/year (trend 47.2%/year (trend 100% crossing of data for total vehicles sold

(%/year), EVgrowth Transformation’ 2020-2021) 2021-2022) 2016-2019) [38] and EV + PHEV sales [39]
between 2012 and 2022.
Monthly installed capacity data from

Pumped'Storage Energy 3.33%/year (trend 5.53%/year (trend 10.6%/year (trend 3.9 Portuguese TraI}SmlSSlOn System
Capacity Growth Transformation®  2016-2019) 2020-2022) 2015-2022) gw  Operator REN [31] between 2015 and

(%/year), PSCyrowth

2022. Ceiling of 3.9 GW determined
using the same ratio between maximum

(continued on next page)
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Table 1 (continued)
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Stochastic variable Activity sectors Minimum Central Maximum Limit Observations
affected
and existing capacity in 2022 for
regular hydropower capacity.
Historical val btained fi 1
Vehicle Sales Growth Energy 3.21%/year (trend 4.87%/year (trend 13.6% (trend N/A velitizliécsaso\llz E:V:e;lggcll ;;nt:i)tza 022
(%/year), VSgrowih Transformation' 2020-2022) 2012-2022) 2012-2018) [38]
Assuming between 200 and 400 MW of
offshore wind installed in 2025, and a
Yearly Offshore Wind subseguent growth rate that enables.
. L reaching 2 GW by 2030 as per the first
Capacity Additions Energy 9.4 . . .
s m 320 - 360 offshore wind auction to occur in
(MW /year), Transformation' GW Portugal
OFFWerowih gal.

Maximum limit value is determined by
the Portuguese plan for offshore wind
energy published in 2025 [40].

Below are listed the intermediate variables used to estimates the stochastic results.

& Electrolyser capacity installations:EClyeqr i = EClyeqr i centrat X ECInuttiptier
Y Final Energy Intensity of Industry: FETindustryi = FELyear i-1 X (1 + FELgegrowtn)

year;—year;_;

¢ GVA Share of Industry: GVAindusiry; = GVAindustrysgas X (1 + GVAgrowen X (vear; — 2022) )

4" Hydropower Capacity: HPCyeqr i = HPCyear 2022 X (1 + HPCyron x (year; — 2022) )

¢ Spain-Portugal Electricity Transmission Capacity = ETCyeqr i = ETCyeqr 2022 X (1 + ETCgrowen % (year; — 2022) )

£ Solar PV capacity: PVCyeari = PVCyear 2022 X (1 4 PVCyrown x (year; — 2022) )

& Gross Domestic Product (GDP): GDPyeqr i = GDPyear i1 + (GDPyear iggps — GDPyear i-1gp3) X (1 4+ GDPruyy.)
" Battery Storage Capacity: BSCoqpacityyear i = BSCeapacity s + (BSCyearty x (year; — 2025) )
! Onshore Wind Capacity: ONW eqpacityyoqr i = ONWeapacity yeqr 2022 X (1 + ONWrowen x (year; — 2022) )

EVihare year i—1

J EV Sales Share of New Vehicles: EVinareyeari = 1-EV
- growth

¥ Pumped Storage Capacity: PSCeapacityyeqr ; = PSCeapacityya, + (PSCyearty X (year; — 2022))

! Total Vehicle Sales: VSoatyear i = VStotalyear 2022 % (1 + VSgrowen % (year; — 2022))

™ Offshore Wind Capacity: OFFWapaityyeqr i = OFFWeapacity year 2025 * (1 + OFFWgroua, x (year; — 2025))

not be underestimated.

The model works by stepwise calculation of energy demand and
transformation. At each time step, it first calculates energy demand,
which is a function of user-inputted demographic and macroeconomic
data. The energy transformation side then responds to those energy
demands, including the transformation of energy forms into others (for
example, conversion of fossil fuels to electricity) and the extraction of
natural resources (e.g. biomass) required to produce other forms of
energy, such as electricity. Pollutant emissions are estimated based on
the direct emissions from the combustion of fossil fuels to meet those
energy demands.

The ESM developed in this work captures energy demand and
transformation across several activity sectors. The sectors include in-
dustry (disaggregated by sub-sector), residential, services, construction,
agriculture, and transport (including light passenger vehicle, aviation,
and national and international maritime transport). The sectors
captured by energy transformation are biogas production, electricity
production, hydrogen production, low-temperature heat production,
renewable fuel of non-biological origin (RFNBO) production, oil
refining, biodiesel production, biomethane production, synthetic
methane production, and transmission of electricity and natural gas.
Fig. 2 shows the system boundaries of the ESM developed in this study
and Fig. 3 shows the outline of the CCU network considered in this study,
optimized in previous work [2].

The exclusions are listed next. The national autonomous islands are
excluded. On the demand side, heavy and commercial passenger vehi-
cles were excluded due to limited information on vehicle sales by
powertrain, age, fuel economy, and mileage. Although representing
about 23% of total transport sector demand [23], this segment is not
expected to significantly change results because it is not expected to
compete with the CCU network for electricity. Current trends indicate
that the adoption of battery-electric vehicles, particularly fuel-cell

vehicles, remains very limited. Instead, a gradual replacement of inter-
nal combustion engines with hybrid vehicles is expected. This could,
however, change radically if a net-zero trajectory policy is radically
adopted from 2030 onwards [25]. On the transformation side, no con-
straints were added to the availability of bio-based natural resources, as
their quantification lies beyond the scope of this study. These are
considered to remain identical in both scenarios (with and without CCU
networks). This assumption will also not affect the CCU network. It only
influences the share of bio-based resources imported when compared to
those produced domestically.

To estimate the net emissions of CO, from natural gas mixed with e-
methane, combustion emissions were calculated in the model by sub-
tracting a share of the total emissions proportional to the share of e-
methane in circulation within the transmission network. For simplifi-
cation purposes, no leakage of methane was assumed in the pipelines.
This does not affect the results significantly as leaks will be the same
with and without CCU, and because the characterization factor for
biogenic methane is very similar to fossil methane (27.9 vs 29.8 kg CO,
eq/kg CHy).

The subsequent sections present the stochastic analysis and explain
how their variables are used to calculate both energy demand and its
transformation throughout the system. Later, the remaining equations
used to calculate energy demand and transformation are described.

2.3. Stochastic analysis

In each iteration of the Monte Carlo algorithm, the stochastic vari-
ables were varied. These exogenous variables act as independent inputs
to the model and are not influenced by other variables within the sys-
tem. The central, minimum, and maximum values of these variables are
shown in Table 1. As LEAP does not inherently support stochastic
modelling of its key decision variables, we incorporated a stochastic
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framework by defining intermediate dependent variables derived from
the stochastic inputs. Some auxiliary parameters are used in the for-
mulas for these dependent variables, whose values are listed in Table S-
2. Figs. S-1 to S-13 show the historical variation for these dependent
variables and their projections until 2070. Specific Fuel Consumption of
Road Transport (SFCy,aq) is an exception and is assumed to be constant
over the time analysed. This is due to a lack of better information on
future perspectives for fuel consumption.

Triangular distributions were assumed for all independent variables
(as in Table 1). This is because triangular distributions provide a prac-
tical compromise between representing uncertainty and avoiding un-
supported statistical assumptions. These distributions require a
plausible lower bound, upper bound, and most likely value that can be
supported by the existing evidence. This is not new and has been
adopted by other ESM studies [41] [42] [43] [44] [45]. For example,
Escribano et al. [41] provides a particularly relevant case for emerging
hydrogen deployment, such as the hydrogen deployment modelled in
the present work. Future 2030 hydrogen production was represented by
a triangular distribution, in which the lower bound corresponded to
current operational capacity, the mode incorporated operational ca-
pacity together with projects at the feasibility, FID, or construction
stages, and the upper bound additionally accounted for potential
deployment.

2.4. Energy demand

In this work, the total final energy demand in each sector was
calculated using the equations identified in Table 2. The subscripts “i”
refer to year, “j” refers to iteration, “k” refers to vehicle type and “I” to
vehicle age.

Sharesz_i = ShareHzcentral,i X (1
GDPmuh >0
Shareygj; = Shareyc cenrati X (1 +

Sharey,j; = Sharey, centrali
Hard — to — abate sector

GDPppypr < 0

Not hard — to — abate sector

Some energy demands remain constant throughout the year, while
others fluctuate. The demands of the industrial, residential, services, and
electric mobility sectors were defined with hourly resolution. The load
curves for residential and electric mobility sectors were modelled based
on data from Portugal [46] [47]. The load curves for industry and ser-
vices were based on French data, respectively, for “manufacturing pro-
cesses” and “offices”, due to the lack of Portuguese data [48]. As shown
in Fig. S-14, for example, the energy demand curve for a 24 h period
during an autumn weekday, covering the period from 2022 to 2070, is
shown using the central case values for all activity sectors. The load
curves represent energy demand for 2022 (no CCU) and for 2030-2070
(with CCU).

ShareNGj-,i = ShareNG‘Cemml_,i X (1 — <100A)*
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The total energy demand is also split by each fuel type (as outlined in
Fig. 2, includes, electricity, low temperature heat, hydrogen, methane,
biogas, oil derivatives, and liquid synthetic fuels). For the “central case,”
the share of each fuel can be consulted in Tables S-4 (for the industrial,
residential, services, construction, agriculture, and fisheries sectors) and
S-5 (for the transportation sector). This is done for the analysis period
(2022-2070). All these shares are kept constant across all iterations
except for electricity, natural gas and hydrogen in “non-cogeneration”
processes. For both scenarios, they were modelled in each iteration “j”
for each year “i” as a function of the GDPpy’ by using the equations
described below. It is assumed that GDP,,,;; = 0 for the central case to be
aligned with Central GDP growth trajectory equal to LEAP's built-in
IPCC SSP3 trajectory. This is the trajectory that deviates the least from
projections assumed by the National Energy and Climate Plan, The
Directorate of Energy and Geology Report, or the Roadmap for Carbon
Neutrality Report (as indicated in Table 1).

When GDP,; is different than 0, the shares of electricity and
hydrogen were adjusted consistently with variations in the natural gas
share to sum up 100%. When the proportion of natural gas in the mix
decreased (or increased), the corresponding deficit (or surplus) was
proportionally compensated by electricity and/or hydrogen, depending
on the activity sector. This approach ensures internal consistency among
energy carriers while avoiding over- or under-estimation of total final
energy demand. The substitution between natural gas, electricity, and
hydrogen was defined by specific sectoral rules, reflecting the expected
technological and infrastructural feasibility of each energy carrier for
each respective end-use sector.

_ GDP, mult j )
GDP, ‘mult,max
GDP, mult j )
GDP, mult, max
* GDPmult.j ) )
x| 14 (10%*———
( ( GDP, mult,min

GDP, mult.j

Shareygj; = Shareng cenrari % <1 — <10%*m> )

GDP, mult j

Shareelecrricityj.i = Shareectricity.centml,i X (1 + (10%*m) )

GDP, mult.j

GDP mult.min) )

The reason for this is that the share of natural gas in the final energy
consumption of Portuguese industry is strictly related to the GDP
growth, as observed by the strong and positive correlation (R? = 0.97)
between historical GDP values and the share of natural gas in the final

1 GDP, is an independent stochastic variable (see Table 1), ranging be-
tween —0.7 and 0.4. It represents the difference between GDP growth for an
iteration “j” and the value estimated for the central case. Positive GDPpy
values means growths larger than the central case. Negative values represent
smaller growths than the central case. The respective GDP growth trajectories
as a function of GDP,y,,c (shown in Figure S-7) are calculated using the equation
described in alinea g from footnotes of Table 1.
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Table 2
Estimation of the total energy demand (Egemand) per activity sector modelled.
Sectors Equation
Industr; GVAz022
y Edmandi = GDPi X Grn™ x GVAniusry; % GVAsisecor (), % FElssecri 1]
i GDP, simulation j; GVA2022 GDP, simulation j; P
Residences Edemandi = Edemandper dwelting X Natweltings % P ,~SSP3I X GDPoms E demandper dwelling % Nawellings > WW‘]H’— 1| x Elasticity vesigential [2]
; GDPy; ionj; GVA GDPy; ion j;
Services E C_E % simulation j « 2022 % simulation j 1) x Elastici . 3
demandi = Bdemandcenrali X —Gpp—— S X Grp demandemvali X | ~Gpp = Y services [31
Road transport Edemand, = Zvehicle ope Zvehicle agen, (Nvehiclﬂk,i,m X 1’—“7~lelectmomy,(,,,I x Mileage; ) [4]
: GVA:
Construction Edemandi = GDP; X sz % GVAconstructioni X FEIconstructioni [5]
. GVA2022
Agriculture Edemandi = GDP; x GDPaogs GVA gricutturei X FElagricutture; 161

energy consumption in the industry sectors (as shown in Table S-3). This
is because higher energy costs, such as those associated with the tran-
sition from fossil fuels to hydrogen, may reduce economic productivity
by increasing production costs. These costs are, in general, passed to
consumers, eroding purchasing power and slowing overall GDP growth
[49].

When GDP,,,;; is positive (i.e., the GDP grows more than the “central”
case), the share of hydrogen in the final energy mix of each activity
sector is reduced by the same amount, and the share of natural gas in-
creases. Notably, when GDPy,; is negative (i.e., GDP growth is lower
than in the “central” case), the calculations differ between hard-to-abate
and non-hard-to-abate sectors. Hard-to-abate sectors are defined as
those in which more than 50% of heat demand occurs at temperatures
exceeding 500 °C [50]. Our approach assumes that in cases where
GDPpyir < 0, only hard-to-abate sectors can increase the share of
hydrogen in final energy demand above the central case. The not hard to
abate sectors increase the share of electricity instead. This assumption is
because, in sectors that are not hard to abate, electrification is typically
more cost-effective and readily available than hydrogen-based energy.
Heat pumps are both more efficient and economic, avoid heat losses
from combustion exhaust, and transfer heat, much like refrigerators or
air conditioners, rather than generating it from energy inputs [42]. In
the present work the potential adoption of either hydrogen or electrifi-
cation for situations where GDP,,,;; < 0 was arbitrarily capped at 10%
above the levels for the ‘central’ case. This is because projected energy
mixes for the national industrial energy transition, as provided by the
national energy authority, are already considered optimistic given the
current deployment of hydrogen in Portugal. For example, its pro-
jections estimate that hydrogen will account for 12% of the cement
sector's energy mix by 2040, whereas currently no hydrogen is used in
the industry [51].

Other variables showing a strong correlation coefficient (R above
0.95 or below —0.95, include: EV sales, energy intensity of industry,
GDP, hydropower installed power capacity, onshore wind capacity,
pumped storage capacity, share of natural gas used in industry, installed
solar power, and electric transmission capacity. These were still
modelled as independent from each other due to the following:

e The EV sales either with the installed capacity of solar power (R
= 0.97) or the electrical transmission capacity between Spain
and Portugal (R = 0.96).

These relations were disregarded due to the difficulty in determining
whether solar power capacity or transmission capacity influences EV
sales the most. The literature suggests that residential solar installations
reduce marginal charging costs, thereby spurring EV adoption [52], and
that grid reliability, supported by transmission capacity, mitigates
consumer hesitancy [53]. However, it is unclear which mechanism is the
primary driver in the Portuguese context or has the larger impact on

adoption rates. Furthermore, EV sales reach 100% by 2031 (see Fig. S-
10), even under the Minimum EV uptake trajectory, and therefore,
model results would not change significantly by adding these
correlations.

e Hydropower Installed Capacity and Pumped Storage Capacity (R
= 1.00).

This is because the existing hydropower capacity in Portugal is close
to its technical limit (8.2 GW vs 9 GW), and it would not make sense to
model Pumped Storage Capacity deployment as a function of conven-
tional hydropower deployment. Pumped storage continues to be
installed despite a net zero growth in conventional hydropower capacity
in similar regions in Western Europe and does not require natural river
basins or conventional hydro potential to occur [54].

Finally, though onshore wind capacity and final energy intensity of
industry demonstrate a strong negative correlation (—0.96), they were
still modelled independently as there is no evidence to reject spurious
correlation between them.

Noteworthily, in addition to the parameters listed in Table S-2, the
modelling of energy demand from the transportation sector required
consideration of the vintage stock profile and vehicle survival proba-
bility. The analysis considered the distribution of vehicles by age in
Portugal, along with the age-dependent probability that a vehicle re-
mains in operation each year. Portugal-specific vehicle profiles for ICE
vehicles and survival probability were taken from the literature [55].
The stock profile for electric and plug-in hybrid vehicles was calculated
based on the sales and stocks of electric vehicles between 2011 and 2022
[56] (see Figs. S-15 and S-16).

2.5. Energy transformation

Energy transformation is governed by user-defined conditions and
constraints. Details on how energy transformation is modelled in LEAP
can be found in the LEAP user manuals [47] [48].

Table S-6 presents the parameters used to model energy trans-
formation and describes the assumptions for the processes involved in
producing each fuel. The electricity production curve for the 24-h
autumn weekday is shown for the central case (from 2022 to 2070) in
Fig. $-17, including dispatch for each electricity production technology
(e.g., solar PV, wind).

Model results for the 2022 “central” case were compared with
observed energy demand and transformation in that year across all ac-
tivity sectors and fuels to verify model calibration, with particular focus
on electricity production. This is due to its central role in the Portuguese
energy system (as seen in Fig. 2). A comparison between the electricity
production in 2022, as reported in Portugal's national energy balances
[49], and the electricity consumption predicted by the ESM, shows a
deviation of 2% (204 PJ versus 209 PJ) (as seen in Fig. S-18). Hourly
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Table 3
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Percentiles of the results of NPV, GHG Emission Abatement and NPV/CO,, avoided, as well as the revenues and expenses of the numerator in eq. 7, necessary for the

calculation of the NPV.

Results and details used to calculate NPV (eq. 7) P10 P25 P50 (Median) P75 P90 Average
(10th percentile) (25th percentile) (75th percentile) (90th percentile) value
NPV (B€) —46 -49 —54 —58 —60 —54
GHG Emissions Avoided (Mt CO, eq) 69 64 57 51 46 57
NPV/CO, Avoided (€/tonne CO5)* 800 853 931 1026 1121 949
Revenues and expenses (M€/year) P10 P25 P50 P75 P90 Average
Avoided Natural Gas Imports (CSay. NGimports) 412 362 293 169 73 265
Revenues of Exports — E-methane (Rexp,e.methane) 0 0 0 0 0 2
Cost of Imports — Hy (Eimportstz) -18 —415 —820 —1089 —1304 -757
Lost Fiscal Revenues (VAT) (Ejost fiscal revenue) -18 —41 -72 —88 -100 —64
Lost Fiscal Revenues (ETS) (Eiost fiscat revenue) —51 -167 -307 —415 —513 —298

" Expresses the percentile of the distribution of the 1300 values calculated in each iteration by dividing the NPV by the GHG abatement in each iteration.
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Fig. 4. Averaged annual revenues and expenses by component used in Eq. 7.

deviations for each technology, tested using data from REN (Portuguese
Transmission System Operator) [31], are typically between +1GW
(P25-P75 range) but may deviate as much as +4 GW, with the largest
deviations observed for hydropower, wind, natural gas-fired generation,
and energy imports from Spain (Fig. S-19). It is then possible to conclude
that our model results fall within the expected deviation, as indicated by
the 2022 results for energy demand and transformation. The values for
final energy demand by fuel range from 18 PJ for diesel, which repre-
sents approximately 8% of total diesel demand (Fig. S-20). Natural gas
shows a deviation of 9 PJ (or 9%), resulting mostly from the industrial
sector demand (slightly less than 6 PJ), of which the highest deviation is
in the chemistry and plastics sector (about 2 PJ) (see Fig. S-21).

2.6. Estimation of the net present value (NPV)

Net Present Value (NPV) represents the difference between the cash
flows (i.e., revenues and expenses) over a given period, based on a
specified discount rate. Projects with positive NPV are profitable, while
those with a negative NPV are not financially sound.

The cash flows for each Monte Carlo iteration are calculated by the
differences between the “with CCU” and “no CCU” scenarios. The only
difference between the two scenarios is the inclusion of the CCU network
in the e-methane transformation module. In the “no CCU” scenario, e-
methane is exclusively produced from the CO. captured in biogas
upgrading plants, while “with CCU” includes also the e-methane pro-
duced in the centralised CCU network. This work assumes that the
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Fig. 5. Estimated national imports of hydrogen for the scenarios with the centralised CCU network (With CCU, blue) and without it (No CCU, mauve). National
estimates from the work of the National Energy and Climate Plan and the Portuguese Directorate for Energy and Geology are not plotted in this chart. This is because
hydrogen supply consistently exceeds demand in these publications. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

government is the subsidiser of the CCU network in this Build-Own-
Operate-Transfer (BOOT) business model. A discount rate of 4% (“i")
was assumed, in line with Portuguese cost-benefit and cost-effectiveness
analyses carried out for the public sector [57]. Eq. 7 is used for calcu-
lating NPV, including all revenues and expenses.

t=2070

security costs to all elements of the CCU value chain. This is coherent
with a levelised cost of e-methane of 0.43 €/kWh, calculated for a period
of 25 years and a discount rate of 4.5%. This cost is derived from a CO4
capture cost of 141 €/tonne CO», a cost of CO, transport of 37 €/tonne
and a cost of Hy production of 11 €/kg, the latter corresponding to 96%

NPV = 2 : CSav.NG imports + Rexp.e—methane — Limports Hy — Elust fiscal revenue — ECCU subsidy (7)

=2022 (1+1)

Cost Savings correspond to the cost savings associated with the
avoided fossil natural gas imports (CSqy.NGimports)- Revenues correspond
to the exports of e-methane when supply exceeds demand (Rexp,e-methane)-
The expenses correspond to additional imports of hydrogen due to
insufficient supply (Eimportstz), the lost fiscal revenue (Epost fiscal revenue)s
including the value added tax (VAT) and Emission Trading System taxes
(ETS),” and the CCU subsidy (Eccu subsidy) attributed by the national
government to assure profitability of the CCU network. The Eccu subsidy
was determined in a previous paper [2] and corresponds to the 95th
percentile of the gap between the break-even costs of e-methane and
those of fossil natural gas, necessary to allocate low capital and revenue

2 The BOOT model assumes that e-methane is exempted from these taxes.
Thus, implementing the CCU network would cause these tax revenues to
disappear.

of the total costs of e-methane. Of these, around 70% of the total cost
corresponds to investment costs and cost of capital, split roughly 50/50
between the electrolysers and the renewable power plants which pro-
vide them with green electricity [2].

This subsidy is attributed for the 25 years of the project's economic
lifetime (from the year of installation, 2030, until 2055), but is null af-
terwards, because the ownership of the CCU network is transferred to
the state after that year.

The costs of natural gas and hydrogen, as well as the ETS price, were
modelled stochastically over time based on the ranges of existing fore-
casts for these variables from the IEA [50], Frieden et al. [51], and
historical trends [58] (see Fig. S-22).

3. Results and discussion

Section 3 presents the analysis results. Section 3.1 reports the
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Fig. 6. Imports of Natural Gas to Portugal in scenarios comprehending the centralised CCU network (“With CCU”, blue) and scenarios without it (“No CCU”, mauve).
Included are also the values of natural gas imports from the ESM of the Portuguese Directorate of Energy and Geology (DGEG) and estimates of natural gas imports in
the latest National Energy and Climate Plan (PNEC) with Existing Measures (WEM) and With Additional Measures (WAM), to be read on the y-axis (PJ/year). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Pearson's correlation of NPV (left) and GHG emissions avoided (right) to each one of the stochastic variables used in the energy system model.
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Table 4

Multi-variable linear regression of GHG Emission avoided and NPV as a function of the most statistically significant variables of the stochastic ESM.

GHG Emission Avoidance (Rfdjusled = 0.96, o = 99, Standard Deviation = 8.94)

Coefficients  Independent Standardised Value of the p- VIF  Confidence Results obtained when all variables are constant and this
Variable Coefficient value Intervals variable is increased by one standard deviation:
By GVAgrowth 5.63 <0.001 1.8 [5.54,5.72) GHG emissions avoided increase between 5.5 and 5.7 Mt. CO, eq.
B2 FElgegrowth 3.65 <0.001 51 [3.56,3.75] N/A (VIF > 10)
Bs GDP1e 3.17 <0.001 1 [3.07,3.26] GHG emissions avoided increase between 3.1 and 3.3 Mt. CO,, eq.
Ba ETCgrowth 0.55 <0.001 18 [0.46,0.65]
Bs BSCgrowth 0.15 0.001 37 [0.06,0.25] N/A (VIF > 10)
Be PVCgrowth 0.13 0.004 29 [0.04,0.23]
Bz EClnultiplier —5.22 <0.001 8 [-5.31,-5.12] GHG emissions avoided decrease between 5.1 and 5.3 Mt. CO;, eq.
NPV (R? adjusted = 0.92, o = —69,000, Standard Deviation = 5.3)
. Independent Standardised Value of the p- Confidence Results obtained when all variables are constant and this
Coefficients . . VIF . s .
Variable Coefficient value Intervals variable is increased by one standard deviation:
B1 GVAgrowth —478 <0.001 2 [-580,-3771 NPV decreases between 377 and 580 M€
B2 FEljegrowth —292 <0.001 8 [-393,-191] NPV decreases between 191 and 393 M€
Bs EClnultiplier 4912 <0.001 8 [4811,5013] NPV increases between 4.8 and 5.0 B€

statistical outcomes of the stochastic analysis, including distributions for
NPV, GHG emissions avoided, and key cost and revenue components, as
well as the main cash flow drivers distinguishing the “No CCU” and
“With CCU” scenarios. Section 3.2 examines the sensitivity of NPV and
emissions avoided to input variables, highlighting the most influential
factors. Section 3.3 assesses the statistical significance of these variables
through multivariable regression. Section 3.4 compares the study's re-
sults with other Portuguese energy system analyses to provide context.
Finally, Sections 3.5 and 3.6 discuss the broader implications of the
findings and outline the study's main limitations.
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3.1. Results for NPV and GHG mitigation

Table 3 shows the NPV and GHG Emissions avoided results for over
1300 iterations of the stochastic model. The Table shows the 10th, 25th,
50th, 75th and 90th percentile (P10, P25, P50, P75 and P90), as well as
the average for all 1300 iterations for these results. Revenue and ex-
penses (eq. 7) are also presented. The CCU subsidy is 3400 M€/year
across all iterations.

The CCU network applied within the Portuguese Energy model
shows an median NPV of —54 Bf (ranging from —60 to —46 Bf) and
avoids the emissions of 57 Mt. CO; eq (ranging from 46 to 69 Mt. CO4
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eq). The median NPV/CO, Avoided is 931 €/tonne CO, and ranges from
800 to 1121 €/tonne. Even in the best-performing economic scenarios
(P10), the NPV is negative (—46 B€). This is because the annual CCU
subsidy is substantially higher than the revenues (3400 M€/year vs 412
M¢€/year at its best). The largest contributor to the network's negative
net balance is the required import of hydrogen, with a median of —820
M¢€/year. The hydrogen import is needed because the electrolyser ca-
pacity is insufficient to meet the demand of all activity sectors.

3.1.1. NPV results

Fig. 4 presents the details of the annual-averaged values for each
revenue and expense over time. These correspond to parameters used in
the numerator of eq. 7, and they do not account for the annual discount
rates, “i”’, from the same equation. From 2055 onwards, CCU subsidies
are no longer available due to the end of the project's economic lifetime
and the consequent transfer of ownership from the original operators to
the state.

Fig. 4 shows that the net balance between revenues and expenses is
always negative. Expenses are, on average, 17 times higher than the
revenues (4519 vs 267 M¢€/year). The largest cash flow share in each
year is contributed by CCU subsidies (75% of the overall cash flow),
Hydrogen imports (17%), and Lost Fiscal Revenues (7%).

Expenses grow between 2030 and 2055, as CCU subsidies and the
cost of hydrogen imports outweigh the revenues from avoided natural
gas imports. From 2055 onwards, the CCU ownership is transferred to
the state. Although expenses decline between 2055 and 2070, the
overall economic balance remains negative, as hydrogen import costs
and lost fiscal revenues do largely exceed the savings from avoided
natural gas imports.

Expenses do not rise steadily between 2040 and 2055. They increase
only in 2045 and 2050, and decline in the other years within the period.
In 2045 and 2050, an incremental hydrogen demand is required to
produce Renewable Fuel of Non-Biological Origin (RFNBO). This de-
mand stems from the need to fulfil the country's quotas for synthetic jet
fuel in national and international aviation fuel demand, set to be 15% of
total jet fuel demand by 2045 and 35% by 2050 [59] (as shown in
Table S-6). Fig. 5 shows the difference in hydrogen imports between the
cases with and without the CCU network. The peaks in hydrogen de-
mand are visible. Hydrogen imports fall between 2040 and 2044 and
again between 2045 and 2049 because the annual addition of electro-
lyser capacity boosts domestic hydrogen production, reducing the vol-
ume that needs to be imported.

For the values above 0, we can say that in at least 50% of the runs it is
necessary to import hydrogen after 2050. The median trajectory for the
“no CCU” case in Fig. 4 (represented by the mauve line) indicates that
hydrogen imports are required in over 50% of the model's assessed it-
erations after 2050, even without a CCU network. This shows that the
current and expected national installed capacity for hydrogen supply
will be insufficient to meet either the future hydrogen demands required
for the hypothetical centralised national CCU network or the forecasted
national consumption (as revealed by the “No CCU” case) within the
evaluated period.

Table 5
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3.1.2. GHG emissions avoided

The GHG abatement potential is proportional to the reduction in
natural gas imports. This is because only the direct combustion emis-
sions are accounted for in the calculation of GHG avoided. Fig. 6 shows
the differences in natural gas imports in the “With CCU” and “No CCU”
scenarios, as well as the abated GHG emissions.

The red diamond shapes in the figure represent estimates of natural
gas imports to the country from the most recent report from Portugal's
Energy and Geology Directorate [1], which are outputs of the CN50
scenario. The CN50 scenario delineates the necessary trajectory for the
Portuguese energy system (based, among others, on installed capacities
of renewable energy plants) to achieve carbon-neutrality targets.
Squares and triangles represent estimates of natural gas imports from
the latest National Energy and Climate Plan, based on both deterministic
scenarios, namely, With Existing Measures (WEM) and With Additional
Measures (WAM) [6]. These two scenarios have a similar scope to the
estimated by the National Energy Directorate (CN50), as they delineate
the necessary trajectory to achieve national carbon neutrality by mid-
century. While both the WEM and WAM scenarios are cost-optimized
trajectories of the Portuguese economy towards carbon neutrality,
they differ in two aspects. The WAM targets carbon neutrality in 2045
rather than 2050, and it accounts for additional demands from future
industrial projects, which are disregarded in WEM.

The installation of the CCU network (in 2030) immediately reduces the
country's imports of fossil natural gas upon its entry into operation. How-
ever, there is a notable difference in avoided imports between 2030 and
2040, and thereafter (2040-2070). The CCU network implies that its
operational electricity demand, together with the pre-existing national
electricity demand, exceeds the nationally installed renewable power ca-
pacity, leading the country to rely more on gas-fired electricity generation
between 2030 and 2040 than in the “no CCU” case. As a result, the “with
CCU” scenario achieves lower avoided greenhouse gas emissions in the
period between 2030 and 2040 compared to the 2040-2070 period as
observed by comparing the difference between the blue and mauve shaded
lines.

After 2040, combined-cycle power plants are phased out as
mandated by national law. The country relies on energy imports from
Spain to meet its demand. That explains the widening gap in natural gas
imports between “With CCU” and “No CCU” after 2040, as well as the
higher revenues from avoided natural gas imports (as in Fig. 4). It is
important to note that only with the “With CCU” scenario is possible to
reach zero fossil natural gas imports (and related GHG emissions) be-
tween mid-2040s and 2060 (10th and 90th percentile of the iterations,
respectively). This is because hard-to-abate sectors continue to use fossil
natural gas in the “No CCU” scenarios until 2070.

3.2. Correlation between the stochastic variables, NPV, and GHG
emissions avoided

The sensitivity of NPV and avoided GHG emissions to each stochastic
variable is evaluated. Fig. 7 indicates that the ECInyiplier and GVAgrowth
) show the strongest correlation with variations in NPV and avoided
GHG emissions, suggesting that the model is particularly sensitive to

Amounts of CO, captured annually from point sources and DAC. Point Sources in this study includes the CO, captured in the CCU network and the CO, captured in

biogas plants for upgrading to biomethane. Sources: PNEC [6] and DGEG [1].

2030 2040 2050
Values in Mt Values in Mt Values in Mt
Point Sources DAC Total Point Sources DAC Total Point Sources DAC Total
PNEC WEM (With Existing Measures) 0 - 0 0.2 - 0.2 - -
WAM (With Additional Measures) 0.1 - 0.1 3.9 - 3.9 - -
DGEG CN50 1.0 - 1.0 3.5 1.7 5.2 7.8 5.0 13
This stud With CCU, “central” 1.8 0.1 1.9 2.2 0.8 3.0 2.2 2.4 4.6
Y No CCU, “central” <0.1 0.1 0.1 0.4 0.8 1.2 0.4 2.4 2.8

13
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Fig. 9. Hydrogen production requirements in Portugal in this study but also set by models from PNEC and DGEG. DGEG results include also the exports of hydrogen.
The observed spread in hydrogen demand is small because the demand for hydrogen depends on the energy mix of each activity sector, in which hydrogen is a small
component compared to the other energy vectors. Therefore, the demand does not vary significantly between iterations.

these two variables.

To deepen the analysis, the NPV and avoided GHG emissions were
plotted as functions of the two influential variables: electrolyser capacity
and the share of industry GVA. Fig. 8 shows the results for the 1300 runs of
the analysis. NPV and avoided GHG emissions tend to be inversely
proportional.

A larger EClyyiiplier (blue) is associated with higher NPV values but
relatively lower avoided GHG emissions. This occurs because higher
electrolyser capacities, as expected, reduce the need for hydrogen im-
ports (thereby lowering costs and increasing NPV). However, this effect
is offset by increased generation from natural gas—fired power plants in
Portugal between 2030 and 2040, which raises GHG emissions. Conse-
quently, avoided emissions are lower compared to scenarios where
hydrogen is imported, as the burden of electricity generation is shifted to
the countries producing the hydrogen.

Lower GVAgrowih (%) (smaller bubbles), reflecting reduced industrial
activity in the country, is associated with less avoided GHG emissions.
This is because energy demand in industry (and, consequently, natural
gas demand and GHG emissions) is proportional to the GVA. Inversely,
higher GVAgowth(%) results in more emissions avoided, particularly after
2060, when all fossil natural gas imports cease in the “With CCU” sce-
nario but continue in the “No CCU” scenario.

3.3. Statistical significance of the stochastic variables

Statistical significance allows to determine quantitatively how a change
in one standard deviation of a variable can affect the results for NPV and
avoided GHG emissions. This complements the analysis in Section 3.2 by
identifying which variables have the largest impact on the results and
quantifying how a one-standard-deviation change in each variable affects
the outcomes.

The multivariable linear regressions for NPV and avoided GHG
emissions yielded R? values of 0.87 and 0.96, respectively. Table 4
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shows the coefficients, p-values, variance inflation factor (VIF), confi-
dence interval, and interpretation of the coefficients for each indepen-
dent variable. These regressions correspond to the best-performing
multivariable regression specification, obtained through backward
stepwise elimination starting from the full model. Predictors were
sequentially removed based on statistical insignificance (p > 0.05), and
model performance was evaluated using adjusted R? and 5-fold cross-
validated R?. Variance inflation factors (VIF) were computed to con-
trol for multicollinearity.

Only seven of the fourteen variables are statistically significant in
predicting the GHG emissions avoided. Among the seven variables, only
GVAgrowth, GDPpuic and ECIutiplier Show a VIF below 10. This suggests
that even if the other variables help predict avoided GHG emissions,
their coefficients should be interpreted with caution. This is because
variables with VIFs above 10 indicate a high likelihood of multi-
collinearity, which can inflate their significance in predicting outcomes
due to correlations with other predictors. In sum, the findings allow to
conclude that GVAgrowth, FElgegrowth, GDPmute, and ECIyyiciplier are the
most significant and meaningful variables for predicting the overall
performance of the ESM with CCU compared to without CCU.

3.4. Results comparison with national reference documents

Our results are difficult to compare with those from national estimates
from ESM developed in the context of the modelling from the National
Energy and Climate Plan's (PNEC) [6] and the Portuguese Energy and
Geology Directorate (DGEG) [1]. Due to the lack of available public data, it
is not possible to robustly replicate the assumptions and modelling pro-
cedures of these two models. The PNEC estimates are based on the TIMES-
PT ESM, an optimisation model different from LEAP [17], and on DGEG's
model (JANUS), programmed in LEAP. The results of this work project the
range of possible future outcomes for the energy system based on historical
trends, whereas existing national models outline the behaviour the energy
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system must adopt to achieve policy-imposed targets. The growth or
degrowth of key variables in this work was projected based on the range of
existing historical trends. The model from DGEG simulated Portugal's ESM
in “backcasting mode”. This is to say that the scenario design begins with
public policy targets (such as renewable energy shares, GHG emission
ceilings, and energy efficiency obligations) and only permits a pre-defined
set of technological value chains to operate [1].

Despite the models' differences, it is possible to compare three as-
pects, namely, 1) the amount of CO5 captured for CCU purposes and its
origin; 2) the imports of natural gas to Portugal, and 3) the total do-
mestic hydrogen production. As PNEC and DGEG assume that no
hydrogen imports would be required, no comparison is possible for this
aspect. Renewable electricity capacity growth was not compared, as it
serves as an input to our model rather than an output, unlike within the
modelling from PNEC and DGEG. However, this aspect will be briefly
discussed in the subsection on natural gas imports.

3.4.1. Carbon dioxide captured for CCU purposes

Table 5 allows comparison of CO, captured from point sources (in-
dustry and biogas plants) and Direct Air Capture (DAC) for 2030, 2040,
and 2050.

For 2030, the amount of CO- captured in the central “With CCU” sce-
nario is much larger than in the DGEG and PNEC WAM scenarios. The “No
CCU” scenario aligns with the PNEC estimates for 2030 (0-0.1 Mt. CO2/
year). For 2040, the amount of CO5 captured in our study (1.2-3.0 Mt. CO,
eq/year), is within the range of PNEC (0.2-3.9 Mt. COy/year), but
considerably below the estimates of DGEG of 5.2 Mt. COy/year (42-77%
less in 2040 for the “With CCU” and “No CCU” cases, respectively). The
difference in CO2 captured between our study and that of DGEG is even
higher in 2050 (7.8 Mt. COy/year), 64 and78% higher in 2050 when
compared to the “With CCU” and “No CCU” cases, respectively.

The reason for the discrepancy in total CO2 captured between our
work and DGEG is not entirely clear, but two factors seem likely. First,
the CO; capture capacity for synthetic fuel production is much higher in
DGEG CN50 scenario for 2040 and 2050. The DGEG scenario estimates a
production of CO,-based e-fuels (e-methane, jet fuel, and methanol) of
18, 67, and 113 PJ/year for, respectively, 2030, 2040, and 2050. Our
estimate is 36, 53, and 75 PJ/year for the same period. The smaller
synthetic fuel production capacity in our work is based on the assump-
tion that only the imposed quota of RENBO for aviation would be pro-
duced. By contrast DGEG estimates that Portugal could also produce
RFNBO for export. Second, in DGEG's model, an additional 2.3 Mt. COy/
year is captured in 2050 and sent for geological sequestration. The
present study assumes no geological storage capacity. No support
however can explain the discrepancies in total CO2 captured between
PNEC and this study. This is due to the absence of clear evidence
regarding the CO: capture capacities assumed in the TIMES-PT model.

3.4.2. Natural gas imports to the country

In this study, the estimates for natural gas imports are more closely
aligned with those of DGEG than with those of PNEC (as seen in Fig. 6,
Section 3.1.2.). Overall, the “No CCU” scenario shows higher natural gas
demand and does not reach zero until 2070. This means that the current
trajectories of de-fossilisation are not progressing fast enough to match
the ambitions set by the optimized TIMES-PT or the JANUS models [1]
[6]. Therefore, if Portugal's developments align with the “No CCU”
scenario, natural gas imports are estimated to continue past 2070,
despite the government's ambitions of net zero in 2050. Consequently,
only the “With CCU” scenario provides a sufficiently robust decarbon-
isation pathway to reduce fossil natural gas imports to zero between
2047 and 2060 (corresponding to the 10th and 90th percentiles of the
iterations, respectively).

National estimates project lower natural gas imports for the period
2022-2030 than those obtained in this study. Both sets of estimates
assume the possibility of installing 21 GW of solar and 10 GW of onshore
wind capacity by 2030, which could substantially reduce reliance on
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natural gas—fired electricity generation. This reflects differing assump-
tions regarding the pace of renewable electricity capacity expansion.
Given that a significant share of current natural gas consumption is used
for electricity production (approximately 46% in 2022) [60], these as-
sumptions are particularly influential. By contrast, in this study, even
the most ambitious growth trajectory results in only 7.5 GW of solar and
6.0 GW of onshore wind capacity installed by 2030.

3.4.3. Hydrogen production requirements

Total hydrogen production requirements in Portugal are shown in
Fig. 9 for both our model results and those of DGEG and PNEC.

The total hydrogen production requirements are similar in the “No
CCU” case and the PNEC scenarios for 2030, whereas DGEG assumes
accelerated growth in demand until 2050, causing a significant disparity
when compared to the estimates of this study. As a result, hydrogen
demand by 2050 is expected to be three times the “With CCU” case. This
is because DGEG ambitious in estimating significant additional demands
of hydrogen for jet fuel production (66 PJ/year), hydrogen supplied to
power plants (41 PJ/year), renewable methane production (36 PJ/
year), hydrogen exports (24 PJ/year), renewable ammonia production
(23 PJ/year) and road transport (23 PJ/year). Given the lack of infor-
mation on the assumptions underlying the modelling of these emergent
industries, they were not included in this work. However, this would
further support the conclusion that CCU is not an economically viable
solution for Portugal, as any additional hydrogen demand would have to
be met through imports when domestic electrolyser capacity is
insufficient.

3.5. Discussion on the viability of CCU

This section assesses the CCU viability within the national Energy
System Model, under the developed probabilistic framework. This work
represents an important step towards a more robust assessment of the
viability of emerging decarbonization pathways within national energy
system models (ESMs). It provides quantitative and statistical informa-
tion on the economic and environmental trade-offs associated with the
implementation of a centralised CCU unit in a nation with severe lags in
electrolyser deployment. This study also complements the existing ap-
proaches for CCU modelling in ESM, as it enables a better understanding
of the risks associated with public investments in new energy vectors.
This is done by providing statistical grounds to key investment in-
dicators (e.g. the P10-P90 of the NPV), but also by defining the set of
conditions which maximise the benefits of CCU at a national level.

Under the assumed business model for CCU implementation at large
scale (BOOT business model with a 45-year lifetime), the CCU network
delivers net benefits only when a strict set of preconditions is simulta-
neously fulfilled (as seen in Table 4) and described below.

o Faster electrolyser capacity deployment: 7, 8 and 10 GW should
be installed by 2030, 2040 and 2050, respectively, to avoid imports
leading to higher NPV values.

e Gradual decline in final energy consumption in Portuguese in-

dustry, associated with increased economic activity and/or changes

in final energy intensity. If Portuguese industry's share of the GVA
increases on average more than the 50th percentile of historical
values (0.06%/year), and/or (less importantly) its final energy in-
tensity decreases less than the 50th percentile of historical values

(2.8%/year), CCU would be more advantageous in terms of GHG

Emission Avoidance.

High Economic Growth, as measured using the GDP. This occurs

because higher GDP levels are associated with increased consump-

tion of low-cost fuels, such as natural gas, resulting in larger avoided
emissions between 2050 and 2070, due to CCU deployment. GDP

growths higher than the 50th percentile of historical values (1.1, 0.7,

0.5, and 0.4% between 2025 and 2030, 2030-2040, 2040-2050, and

2050-2070, respectively) are good indicators of these conditions.
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If these three conditions are not met at the same time, and if current
trends for the key variables continue, the most likely (P50) results are:
NPV of —54 B€, 57 Mt. CO: avoided, and a CO2 abatement cost of 949
€/tCO2. As a result, the decision towards decarbonisation should be
compared with other investment possibilities before deciding to invest
3.43 B€/year in the CCU network. Despite the high cost of implementing
the CCU network, it may still be a viable option if no other cheaper al-
ternatives are found to reduce natural gas emissions by 2050 and meet
carbon-neutrality goals (i.e. net-zero CO2 emissions).

This is particularly relevant considering that the less costly alterna-
tive for achieving net-zero emissions is through carbon sequestration in
the Land Use, Land Use Change and Forestry Sector, which faces ever
increasing risks of carbon reversal in upcoming years. In this sector,
about 1.7 to 2.9 Mt. COy/year of carbon sinks (P10-P90 range) would be
required in the “No CCU” case to achieve zero natural gas-related
emissions in 2050 (compared to only 0-0.9 Mt. CO, eq/year in the
“With CCU” scenario). Even if historical values show this is possible
(since 2000, this sink has a median value of —3.6 Mt./COy/year), in
2003, 2005, 2016, and 2017, the sector was actually a net emitter of
COo, due to forest fires (up to 21 Mt. CO5 in 2017) [61]. Consequently,
relying on these carbon emission sinks represents a risky strategy for
achieving carbon neutrality, particularly when considering that the
probability of wildfires classified as “megafires” (intensities larger than
1000 MW) is expected to occur 2-3.5 times more often compared to the
historical period [62]. Therefore, CCU or CCS is likely to serve as a so-
lution through 2050 to deliver the necessary reductions in greenhouse
gas emissions.

Another aspect to consider is that CCU is only viable as a direct
emissions reduction technology, but not as a life cycle emissions
reduction technology. This strategy is designed to reduce CO2 emissions
within Portugal. From a life-cycle perspective, emission reductions
within the country's borders may be offset by increases in emissions from
fossil-fuel-based electricity generation in other countries. This could
occur either in Spain (to meet Portugal's demand for imported elec-
tricity) or in the countries that produce the hydrogen imported by
Portugal. Therefore, if Portugal adopts a CCU-based decarbonisation
strategy, it should also adopt a “consumption-based” decarbonization
target, as Sweden does, by extending its national emissions reduction
targets to include emissions generated abroad from the production of
goods and services consumed in Sweden. [63].

3.6. Work limitations

The limitations of this work are associated with a) the lack of tech-
nological detail in building the ESM, b) the use of simplified models to
represent pumped storage, grid-scale battery systems, and electric
mobility, ¢) the availability of hydrogen for importation and the un-
certainty of electricity importation from Spain and d) the use of trian-
gular distributions for the independent stochastic variables.

The top-down approach used in the modelling lacks the technolog-
ical detail of bottom-up models such as in the model TIMES-PT. In short,
top-down models use macroeconomic data to analyse how the overall
macroeconomy and demographics impact energy demand, whereas
bottom-up models focus on specific engineering data and technologies to
identify the most cost-effective technical solutions to calculate that de-
mand and the cheapest way to fulfil it [64]. The fact that a top-down
model was used in this study potentially overlooks the adoption or
abandonment of certain technologies as a function of technical and
economic variables and how they relate to macroeconomic variables
[13] - for example, the effect of evolving electricity prices (as a function
of the installed electricity production technologies) in the adoption of
electricity-based technologies such as heat pumps. The top-down
approach may also overestimate or underestimate the technical poten-
tial of direct and indirect electrification across sectors due to the lack of
detailed technological representation [8]. For example, industrial clus-
ters may not be able to increase the share of electricity in their final
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energy demand in areas where electricity grid reinforcements are pro-
hibitively expensive, even if the macroeconomic conditions used as in-
puts in the top-down model are favourable. Moreover, top-down models
may also underestimate the effect that the commissioning of these sys-
tems has on the growth of the Portuguese economy, for example, via job
creation [4]. Instead of a multivariate relationship among energy de-
mand, GDP, and other system variables, this work uses GDP as the
starting point for calculating energy demand. The model's outcomes in
each year do not feed back into its calculations, as would occur in more
advanced models such as TIMES-PT. The energy demand was calculated
in this work as an inelastic relationship with price or climate-change-
induced events. This energy-demand modelling also neglects passen-
gers' reactions to higher energy prices, which could be highly relevant
levers for reducing demand, creating another feedback loop not
considered [16]. Despite these limitations, this study provides a
straightforward overview of how a CCU network, grounded in historical
trends, could help sharpen the focus on country-level emissions trajec-
tories. Although it could be improved, it provides a rough estimate to
alert policymakers to the need for more robust assessments of the role of
CCUs in the economy.

Energy storage was also represented in a highly simplified manner.
This was done because storage technologies cannot be modelled in LEAP
without optimisation. Hydropower pumped storage and centralised
battery units were modelled as “dummy electricity generations”, i.e.,
acting as electricity producers when, in fact, they would be discharging
electricity produced by other technologies in a previous period. In the
model, peak PV production often creates surplus electricity. Without
storage, this surplus would be curtailed. By representing batteries and
pumped storage as generators, the model effectively assumes that this
excess electricity is stored and later discharged to the grid when PV
output declines. Therefore, although storage is not modelled explicitly
as a charging—discharging process, the approach captures its main sys-
tem effect - shifting excess PV generation to later periods - and is not
expected to materially change the overall result. Despite of that, energy
storage capacity is a small fraction of the overall electricity system (as in
Fig. 6 and Table 4), and the avoided GHG emissions and NPV show not to
be sensitive to these variables. Therefore, we argue that, despite their
importance, the simplified mode used for energy storage would not alter
the main conclusions of the present study. Electric mobility demand was
modelled using two daily load profiles: one for weekdays and one for
weekends, based on mobility patterns in the large metropolitan area of
Lisbon in 2017 when less than 10% of new vehicles sold each year were
electric [53]. No recent information was available to a better estimation
on the use of electricity. For example, consumers may prefer to charge at
home in the future or charge their vehicles in smart conjunction with
electricity grid management in the so-called “Vehicle-to-Grid” regime.
However, given the LEAP limitations (modelling without optimisation),
this was not performed in this study.

In this work, it was also assumed that hydrogen could be imported
from a global market capable of supplying up to 80 PJ/year to Portugal
in 2050. If hydrogen is not available for import, synthetic natural gas
production would generate no revenue. Under the BOOT model, this
would mean that no subsidy would be allocated to the consortium
operating the CCU network. It was also assumed that electricity could be
imported from Spain up to the full cross-border capacity after 2030. If
unavailable, additional electricity, to meet demand, would need to be
sourced from natural gas or nuclear power after 2040.

This study also did not consider the potential relocation of industries
in response to high energy and ETS prices, nor consumers' preference for
cheaper imported goods. These factors could influence total energy
demand and the share allocated to electricity or hydrogen [8] [65] [66].

Finally, triangular probability distributions were used to represent
uncertainty for parameters where available data were insufficient to reli-
ably define a full empirical probability distribution. Despite that, a defen-
sible minimum and maximum value and a reasonable most-likely value
could still be established. However, several variables are highly policy-
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dependent and may not follow historical trends over large time horizons
adopted in this work. Therefore, future work should include the calibration
of the possible evolutions for key independent variables as defined in this
work, including their relative likelihood in comparison to each other.

4. Conclusions and future research

This work developed a stochastic energy system model of the Por-
tuguese industrial, residential, transport, and electricity sectors until
2070 and evaluated the Net Present Value (NPV), GHG Emissions
Avoided, and Cost of CO5 abatement of a state-funded commissioning of
a centralised Carbon Capture and Utilisation (CCU) network under a
Build-Own-Operate-Transfer (BOOT) business model. This was evalu-
ated for 1300 runs varying 14 key input variables. The CCU network was
assumed to be commissioned in 2030, capturing 1.8 Mt. CO,/year and
producing 9.3 TWh of methane per year, with an economic lifetime of
25 years, after which the project's ownership is transferred to the state
and operated further until 2070. The model was developed with a top-
down approach within the Low Emissions Analysis Platform (LEAP)
software. Hourly-resolved load and availability curves for 192 time sli-
ces were used to estimate energy demand and temporal transformations
across the modelled sectors.

Given historical trends in key macroeconomic and technical vari-
ables, the commissioning of a centralised CCU network in Portugal is not
economically viable and offers limited CO emission-reduction benefits.
The NPV (at a 4% discount rate), cumulative GHG emissions avoided
and cost of CO, abatement (10th to 90th percentile ranges) are,
respectively, between —60 to —46 B€, 46 to 69 Mt. CO; eq and 800-1121
€/tonne CO,. This occurs mainly due to two reasons: a) the subsidy
attributed to the network's operators between 2030 and 2055 (3.4 B€/
year) is much higher than the revenues associated with avoided natural
gas imports (up to 412 M€/year, 10th percentile); b) the announced
projects for electrolyser capacity in Portugal are unlikely to reach the
scale needed to fulfil both the CCU network's demand and the demand of
other activity sectors (causing at least 820 M€/year of hydrogen imports
in 50% of the scenarios evaluated).

The installed capacity of electrolysers and the growth in Gross Value
Added (GVA) share of industry show the strongest correlation with
variations in NPV and avoided GHG emissions. Scenario iterations with
greater installed capacities of electrolysers have improved NPV because
fewer hydrogen imports are needed. However, they are associated with
less avoided GHG emissions. This is because in those cases, more natural
gas is burnt in power plants to fulfil the country's electrical energy de-
mand, due to the fact that this demand outpaces the installed capacity
for the renewable electricity. The growth rate in GVA share of industry
was not observed to affect the NPV of CCU significantly, but it does
impact avoided GHG emissions. Larger growths in GVA share of industry
are associated with higher natural gas demand, and thus, more cumu-
lative CO, emissions being avoided in the “With CCU” scenario
compared to the “No CCU” scenario.

Only four out of the fourteen variables varied stochastically proved
to be statistically significant to predict NPV and GHG emissions avoided.
These comprehend, the installed electrolyser capacity growth, the
growth in GVA share of industry, the economic growth (GDP) and
degrowth rate of final energy intensity. CCU installation has a higher
likelihood of reaching 800 €/tonne CO; if, it occurs simultaneously the
following: Electrolyser Capacity Growth scales up to at least 7 GW in
2030, the GVA share of industry increases more than 0.06%/year, the
final energy intensity degrowth is lower than 2.9%/year, and the GDP
growth is above 1.1, 0.7, 0.5 and 0.4%/year between 2025 and 2030,
2030-2040, 2040-2050 and 2050-2070.

Centralised CCU for e-methane production may be considered as a
viable decarbonization strategy for Portugal if there are no other technol-
ogies capable of reducing 1.7 to 2.9 Mt. COzeq/year in 2050 with CO,
abatement costs below 800-1121 €/tonne CO,. Unless this is proven, CCU
should not be considered as a promising solution for the decarbonization of
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the national energy system in ESM. Unlike cost-optimized ESM from the
National Energy and Climate Plan and the Directorate of Energy and Ge-
ology, which predict zero imports of hydrogen to fulfil the country's de-
mand during the energy transition, it is shown that prioritising early CCU
development before hydrogen infrastructure is in place could lock the
country into large-scale hydrogen imports (potentially exceeding 80 PJ by
2050), from uncertain suppliers, thereby worsening energy security and
increasing dependency risks.

Future work can cover the limitations previously identified. A
broader range of potential outcomes for the Portuguese energy system
may be covered (and thus, a more representative distribution of possible
results for NPV and GHG emissions avoided) if the following aspects are
included in future modelling efforts: a more detailed bottom-up
modelling of the ESM, a recursive calculation of GDP and other mac-
roeconomic variables (instead of a unilateral relationship between the
two variables), an adequate modelling of energy storage in pumped
storage and utility-scale battery systems, an update of electric vehicle
charging patterns as well as their potential sector integration with the
electricity system via vehicle-to-grid mechanisms and, finally, the
adequate modelling of foreign supply of hydrogen and electricity.

Lastly, the re-design of the CCU deployment into a decentralised,
modular, small-scale units in hard-to-abate industrial sectors could also
be proposed as a future research work to evaluate the potential benefits
of such approach when compared to the evaluated centralised
deployment.
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