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The complexity of bottom-up energy systemmodels has progressively grown

to enhance the representativeness of the system under analysis. Among

them, whole-energy systemmodels aim at representing the energy resources,

conversion technologies, and energy demands of regions (i.e., a country) in

its entirety. Despite this effort leading to an increased number of conversion

processes modeled, the typologies of the end-use demand have remained

limited to three categories: electricity, heat, and transportation. A fourth

category, herein addressed as the non-energy demand, has widely been

neglected. Being associated with the production of chemicals (i.e., plastics

and fertilizers), the non-energy demand represents 10% of the world’s total

end-use demand. Its relevance becomes fundamental in analyses that define

the optimal defossilization pathways of energy systems with high dependence

on fossil resources. This contribution introduces a schematic representation

of the conversion processes involved in the satisfaction of the non-energy

demand. Through its implementation in a bottom-up whole-energy system

model, it evaluates the impact of this additional end-use in the configuration

of the optimal energy system. In this study, the Belgian energy system,

characterized by a penetration of the chemical and the petrochemical

industries up to 20% of its total end-use demand, is taken as a reference

case. The transition to a defossilized energy system is enforced through a

snapshot analysis with a progressively more restrictive emissions cap. The

results emphasize the role of renewable carriers (i.e., methanol and ammonia)

in the defossilization of the energy system, otherwise hindered when the

non-energy demand is neglected. The 100% import of these carriers at the

lowest emissions cap highlights the potential dependence of the country

under analysis, with limited availability of renewable resources, from countries

exporting renewable methanol and ammonia.
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1 Modeled end-use demands and
non-energy demand definition

1.1 End-use demands in whole-energy
system models

Among the wide variety of energy system models, a
subclass concerns the investigation of the optimal energy
supply system to satisfy the demand forecast of an entire
country. Whole-energy system models include a wide number of
conversion processes for the satisfaction of the energy demand
for heat, electricity, mobility, and the production of goods
(Contino et al., 2020). Despite being a significant contributor to
global emissions (7%), the latter category, herein referred to
as the non-energy demand (NED), has widely been neglected
among whole-energy system models (Tsiropoulos et al., 2018).
The non-energy demand represents about 10% of the global
final energy consumption (IEA, 2020) and consists of fossil
resources (i.e., petroleum products, natural gas, and coal)
employed in the production of goods like plastics, fertilizers,
and bitumen (IEA, 2018). Plastics in particular have experienced
a production rise of more than tenfold in the last 25 years,
while steel production has experienced only a threefold increase
(IEA, 2018). The International Energy Agency estimates that
the non-energy demand will continue to increase up to
represent one-third of the oil demand in 2030 (IEA, 2018).
Despite the expected growth and the non-negligible associated
emissions, the non-energy demand has been widely excluded
from bottom-up whole-energy system models. Three main
reasons can be recognized behind such a decision: (i) the lack
of statistical data for the modeling of the associated conversion
processes (Weiss et al., 2008), (ii) the inconsistent definitions
and methodologies in data collection, and (iii) the overall high
complexity in the flows of materials and molecules involved.
Indeed, in some conversion processes, some feedstocks can

be used both as raw material for the production of chemical
products and as fuels to satisfy part of the energy requirements
of the process (Daioglou et al., 2014).

As highlighted in Table 1, to the knowledge of the authors,
Daioglou et al. (2015) and Tsiropoulos et al. (2018) are the only
studies that integrate the NED in an energy models, TIMER
andMARKAL-NL-UU, respectively.However, both studies focus
on biomass and their analyses do not take into consideration a
transition of the whole-energy system toward carbon neutrality.

This study aimed at providing a framework for the
integration of the non-energy demand in bottom-up whole-
energy system models by collecting the conversion processes
involved in the production of the final molecules of this end-use.
To this purpose, a schematic representation of the conversion
processes involved is presented and integrated into the open-
source model EnergyScope TD (ESTD) (Limpens et al., 2019).
The impact of the NED is studied basedon a case study of the
Belgian energy system in 2035 whose defossilization is analyzed
based on a snapshot analysis with a progressive limitation of the
total amount of greenhouse gas emissions.

In the following, Subsection 1.2 defines the non-energy
demand with reference to its historical evolution both at a
worldwide level and in the Belgian energy system.

1.2 Non-energy end-use demand

According to Eurostat (2019), the non-energy demand
collects the “energy products used as raw materials in different
sectors, not consumed as a fuel or transformed into another
fuel.” This energy consumption currently represents the largest
globally aggregated industrial consumption and is dominated
by petroleum products, natural gas, and coal (IEA, 2018). It
represents about 10% of the global final energy consumption
(IEA, 2020). The non-energy demand is mainly associated with

TABLE 1 Comparison of the energy sector accounted for in existing models for the large-scale system design. Legend: criterion satisfied;
3criterion partially satisfied; 7 criterion not satisfied.
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the chemical sector, composed of (i) high-value chemicals
(HVCs), (ii) methanol, (iii) ammonia, and (iv) other products
(IEA, 2018). Together, the feedstocks for the production of
these products covers 90% of the total non-energy demand
(IEA, 2018).The remaining 10% is composed of other feedstocks
used to produce bitumen or lubricants. HVCs, ammonia, and
methanol are mainly produced from dedicated processes, but
approximately 30% of them, especially the HVCs, are obtained
as by-products of refineries and processes based on coke ovens
(IEA, 2018). In this study, we only focus on dedicated production
processes and excluded the by-products of refineries, as in
(IEA, 2018).

HVCs, with a global production of 365 Mt/year, represent the
biggest group. They gather light olefins (i.e., ethylene, propylene)
and aromatics (i.e., benzene, toluene, and xylene (BTX)), mainly
used in the production of plastics, synthetic fibers, or rubber.
The production of HVCs today relies on petroleum products
such as naphtha, ethane, or liquefied petroleum gas. In 2017
the Asia-Pacific region has covered nearly half of the global
demand of HVCs, which is expected to grow up to 300 Mt/year
by 2050 in this region (IEA, 2018). The total demand for HVCs
is foreseen to grow by around 60% by 2050 (reference scenario
of (IEA, 2018)). Plastics are foreseen to remain the dominant
driver for this growth, with packaging and construction plastics
being themain end-uses.TheMiddle-East region is also foreseen
to significantly increase its production of HVCs, overtaking
the European production, which instead is forecast to decrease
from around 50 Mt/year in 2017 to around 40 Mt/year in 2050
(IEA, 2018).

Methanol has a global demand of 100 Mt/year and is
mainly converted to formaldehyde (resin), but is also used
for the production of other chemicals (i.e., HVCs, solvents,
and gasoline blends). Currently, its synthesis relies on natural
gas via steam methane reforming. Methanol consumption is
expected to experience a growth rate of almost 100% by 2050
(IEA, 2018) with the Asia-Pacific region driving the growth
rate. This significant growth is mainly driven by the use of
methanol for the production of fuel additives and by intermediate
molecules for the production of HVCs. Fuel additives represent
around 40% of the global demand for methanol; however, since
this final use is included in the definition of fuels, it is excluded
from the non-energy demand. Nonetheless, methanol as an
intermediate molecule to produce HVCs is included in the non-
energy demand.

Ammonia is mainly used for the production of fertilizers,
which cover more than 80% of its use. On a global scale, its
production sums up to 185 Mt/year with feedstocks mainly
composed of natural gas (NG). Demand forecasts for ammonia
show a growth of 30% by 2050, which is lower than that forHVCs
andmethanol (IEA, 2018).This is related to a stagnating demand
for nitrogen fertilizers in developed countries and an increase
in the efficiency of fertilizer applications in developing countries

(IEA, 2018). Although Asia-Pacific remains the main producer
of ammonia in the world, its production is better geographically
distributed than HVCs. Developing countries are expected to
achieve most of the projected increase by 2050 (IEA, 2018).

The last category includes bitumen, coal tar, and other oil
products. Despite being part of the non-energy demand by
definition, in the following, this category is neglected. Bitumen
and coal tar represent only two marginal components of the
current non-energy demand and their impact is expected to
be negligible compared to other categories. Other oil products
consist of by-products from refineries that in a perspective of
defossilization canhardly be reused for the production of carbon-
neutral energy carriers.

The rest of the study is structured as follows. Section 2
defines the conversion technologies and provides a schematic
representation for implementation in bottom-up whole-energy
system models. It introduces the optimization problem and
summarizes the derivation of the input data used in the
case study. Section 3 presents the results of the application
to the Belgian energy system. Finally, Section 4 summarizes
the main reasons behind this contribution and connects
them to key considerations on the impact of the non-energy
demand.

2 Technology models and case study

2.1 Conversion technologies

For the sake of providing a simplified, but sufficiently
accurate implementation of the conversion technologies
into a generic bottom-up model, only three of the four
categories included in the definition of the non-energy
demand (Subsection 1.2) are considered: (i) HVCs, (ii)
methanol, and (iii) ammonia. Figure 1 illustrates the different
conversion processes to produce the molecules of the NED
according to the standard adopted in the open-source whole-
energy system model EnergyScope TD (Limpens et al., 2020).
Similarly to Tsiropoulos et al. (2018), naphtha resulting from
refinery operation is modeled as an imported commodity. The
implementation of the conversion technologies consists of a
single technology per resource, producing one single product.
As an example, the production of HVCs can use five different
feedstocks (resources) for which five independent conversion
technologies are modeled. Details of each conversion process
are provided in Table 2 and Table 3 with respect to the price
of the resources, the efficiency, and the investment cost of the
conversion technologies. All data and related references can
be found in https://energyscope-td.readthedocs.io/en/master/
index.html. Among the resources, ammonia and methanol
can either be produced locally or directly imported. In both
cases, these resources will be identified as renewable (RE) or
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FIGURE 1
Schematic representation of the models of the conversion technologies used to represent the non-energy end-use demand. Details of the price
of the resources can be found in Table 2. The efficiency and the investment cost of each conversion technology are reported in Table 3. In the
study, “wood” and “woody biomass” are used with no distinctions.

TABLE 2 Prices of the resources input to the conversion
technologies represented in Figure 1 for the satisfaction of the
non-energy demand. “RE” refers to the resource produced from
renewables, while “NRE” to a production based on fossil resources.
The values of the carbon intensity per typology of resource and the
references of the values provided can be found in Limpens (2021).

Resource Price

Units [EUR/MWh]

Naphtha 53
Bioethanol 226
Wood 33
Methanol 114 (RE); 82 (NRE)
Natural gas 118 (RE); 44 (NRE)
Hydrogen 119 (RE); 88 (NRE)
Ammonia 82 (RE); 76 (NRE)

nonrenewable (NRE), depending on the resources used for their
production.

2.2 Optimization model

This study is based on the open-source, bottom-up whole-
energy system model EnergyScope TD. The model has been
formulated as linear programming (LP) and has already been
applied to large-scale problems in energy system optimization
(Limpens and Jeanmart, 2018; Limpens et al., 2019, 2020). Since
this study builds upon a previously released version of ESTD, the
interested reader can find a complete description of the model in
Limpens et al. (2019).

TABLE 3 Investment cost and efficiency of the conversion
processes represented in Figure 1 for the satisfaction of the
non-energy demand. References to the values provided can be
found in Limpens (2021).

Conversion process Efficiency Inv. cost

Units [-] [EUR/kW]

Naphtha cracking 0.54 395
Bioethanol dehydration 0.86 166
a. Wood gasification 0.41 1,743
b. Wood gasification 0.62 2,520
Methanol to HVCs 0.64 697
Natural gas to HVCs 0.31 798
Natural gas to methanol 0.65 959
Methanolation 0.78 1,680
Haber–Bosch 0.8 847

The model is formulated as a “snapshot” model with a single
objective function associated to the total cost of the system c.The
total cost is expressed as the sum of the yearly cost of installation
(cij) and maintenance (cmj ) per technology and the yearly cost of
operation per resource used (coi ):

c = ∑
j∈J
(cij + c

m
j ) +∑

i∈I
coi , (1)

where

• J is the set of technologies implemented in the model,
• I is the set of available resources to satisfy the end-use

demands of the model.

Among the constraints, a maximum threshold over the
allowed emissions (e) is enforced to limit the yearly emissions
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and study the transition toward a renewable system. In the
model, the emissions of the system are expressed as global
warming potential (GWP) and computed as the sumof the yearly
emissions per resource associated with the operation of all the
technologies (eoi ):

e = ∑
i∈I

eoi ≤ e
max. (2)

In the equation, emax is an exogenous parameter representing
the emissions cap. A 100% emissions scenario is associated with
the case when Eq. 2 is not binding. A progressive reduction
of the maximum allowed emissions affects the results of the
optimization problem through the selection of the conversion
processes whose carbon intensity depends on their input
resources. The scenario of 0% emissions determines a fully
renewable system. The emissions are computed based on the
primary resources necessary for the supply of the end-uses.
Due to the possibility of temporarily storing the carbon in the
form of final molecules (except for carbon-free ammonia), this
approach might overestimate the total global warming potential
(GWP) of the system, resulting in a conservative estimation.
However, since the carbon stored in the molecules will finally
be released (Neelis et al., 2005), in the snapshot approach used
in this study, the emissions are considered only once at the point
of manufacturing.

2.3 Case study

The case study considered is the Belgian energy system in
2035 which is halfway through the goal of carbon neutrality by
2050. This means that the system allows setting new policies in
the perspective of reaching carbon neutrality while using known
technologies.

The model has to satisfy the end-use demands of Belgium,
grouped into four categories: electricity, heat, mobility, and non-
energy. Tomeet these demands, the system relies on 24 resources
which can be locally available from renewables (wind, solar,
and biomass), imported but produced from renewables (green
hydrogen, renewable methanol, and renewable ammonia), or
imported as fossil fuels (gasoline, naphtha, and natural gas).
These resources are converted through a set of technologies
into different carriers to meet the end-use demands: electricity
(9 technologies), heat (31 technologies), passenger and freight
transport (20 technologies), and non-energy (11 technologies).
Moreover, 20 infrastructure technologies are implemented to
account for the power grid, the district heating networks, and the
production of intermediate energy carriers not directly satisfying
the end-use demand. Finally, the model includes 21 technologies
to store electricity, heat, and fuels. Although the model may be
applied to other countries, its accuracy has previously been tested
on the Belgian energy system in 2035 (Limpens et al., 2020). The
previous version of ESTD considered the non-energy demand

being supplied either by natural gas or light fuel oils (LFO). To
minimize the total cost of the system, the model simply selected
the cheapest between the two resources (i.e., natural gas). The
upgraded version used for this study includes the conversion
processes to satisfy the non-energy demand as described in
Figure 1.

Belgium is a major producer of plastic raw materials, of
which 60% are exported abroad (Agoria and essenscia, 2019).
The evolution of its demand of HVCs is dependent on the
new regulations which aim at improving recycling and limiting
the single-use of plastics (European Commission, 2019). The
demand of HVCs estimated and used in this study is based on
the assumption that the industrial activity of the country will
remain at the rate of today till 2035. This estimation excludes
also the future potential increase in net imports of HVCs as
traded commodities. The current consumption of naphtha and
LPG for non-energy use and as energy carriers in the chemical
and petrochemical industries is converted into the demand of
HVCs based on the respective efficiencies of 1.83 tnaphtha/tHVCs
and 1.67 tLPG/tHVCs (IEA, 2018). This leads to an estimation
of 3,069 kt in the current demand of HVCs independently
of the specific chemicals included (i.e., ethylene, propylene,
and BTX).

No production plant ofmethanol currently exists in Belgium,
even if the country plays a role in trading this carrier between
its neighboring countries, while consuming part of the import.
This study solely considers the net import of methanol (i.e.,
import minus export). The estimation of the methanol demand
is considered equal to 51% of its net import, which is the share
used for formaldehyde production according to the Methanol
Institute and the MMSA (Methanol Market Services Asia, 
2016), amounting to 269 kt. The rest of the methanol
is used for energy purposes, mostly MTBE in gasoline
blending.

Concerning ammonia, the local production and import
of this carrier is higher than its export. Based on the
database (United Nations - Climate change, 2020) and the data
of the National Bank of Belgium, Belgium results to have
imported, exported, and locally produced on average 1,010 kt,
105 kt, and 990 kt of ammonia, respectively. Similarly to
methanol, on top of the local production, the net import

TABLE 4 Non-energy demand set in the model of the Belgian
energy system in 2035. The demand associated with each product is
expressed based on the respective LHV: HVCs −47 MJ/kg, ammonia
−18.8 MJ/kg, and methanol −19.9 MJ/kg.

Demand in 2035 Mass Energy equivalent

Units [kt] [TWh]

HVCs 3,168 41.4
Ammonia 1,957 10.2
Methanol 278 1.5
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FIGURE 2
(Left) Difference in terms of primary energy consumed between the model with and without the non-energy demand among the end-uses that
the optimization has to satisfy. The primary energy demand is split into energy imported via fossil-based resources (import fossil), energy
imported produced with renewable resources (import renewable), and energy produced based on the local availability of renewable resources
(local renewable). (Right) Share of renewable resources per end-use demand.

FIGURE 3
Impact of the non-energy demand on the technologies selected for the electricity supply (left) and the high-temperature (HT) heat supply
(right). The y-axis represents the difference in energy supplied per technology. In the legend, “electr” refers to the electrical resistor.

is also included in the non-energy demand. This results
in the estimation of the current demand of 1,895 kt of
ammonia.

Given the historical stability of the non-energy demand,
the NED in 2035 has been assumed to increase by only 3%
between 2020 and 2035, according to the European Commission
(Capros et al., 2016). Table 4 summarizes the values of the non-
energy demand set in the model of the Belgian energy system in
2035.

3 Results

As expected from the inclusion of an additional end-use
demand, Figure 2 (left) shows an increase in the consumption
of resources, independently of the constraint on emissions.
It is noteworthy that up to 50% of emissions reduction, the
additional demand in primary energy is mainly composed of
fossil resources (more than 50% of the total primary energy).
Apart from the minor increase in the use of the local renewable
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FIGURE 4
Breakdown of the typology of conversion processes used in the supply of the non-energy demand of HVCs (left) and methanol (right).

primary energy, the substantial replacement of the additional
import of fossil resources used at low values of the emissions cap
to satisfy the non-energy demand is based on the increase in the
import of renewable carriers. The limited increase in the use of
local resources ismainly due to the complete exploitation of these
resources from end-uses different from the non-energy demand.

When compared to other end-use demands, the non-
energy demand is the most fossil-based end-use, as presented
in Figure 2 (right). In the scenario with no emissions cap
(e = 100%), only 20% of its energy demand is satisfied through
renewable resources. With a progressive reduction of the
emissions cap, the non-energy demand experiences the steepest
increase in the share of renewable resources exploited for its
production. This trend is maintained even at higher constraints
in emissions, making it the first end-use demand produced by
100% renewable resources already at a level of 40% emissions
allowed. This result is particularly relevant if contextualized
within the class of whole-energy system optimization models
for pathway analyses. If NED is not included among the end-
use demand, other end-uses could be prioritized in a timeline
for defossilization, since only in the case of full-defossilization
(e = 0%), all the end-uses are expected to be fully satisfied
with renewable energy. At intermediate stages of defossilization
(40% ≤ e ≤ 70%), the increase in the share of renewable energy
for the non-energy demand can bring more benefits in terms of
emissions avoided per unit of investment than any other end-use
demand. Despite its significance, this result can be dependent on
the method used to account for the emissions of the NED. This
study follows the most conservative approach with the inclusion
of the emissions as if immediately released, independently of the
lifetime of the final products. Other accountingmethods separate
the carbon stored from the carbon released, reducing the number
of emissions per feedstock.

In terms of differences in the optimal combination of
technologies, Figure 3 presents the discrepancy in technologies
involved for electricity (left) and high-temperature heat (right)
production when the non-energy demand is included and when

not. In the case when NED is not modeled, the design of the
system includes a higher supply of electricity and heat based on
combined cycle gas turbines (CCGTs) and boilers, respectively.
In particular, CCGTs are fueled with natural gas at the lowest
emissions caps andwith renewable ammonia at the highest, while
boilers are fed by woody biomass to a large extent. The inclusion
of the NED leads to an increase in the use of combined heat and
power (CHP) for the simultaneous production of both electricity
and heat. The higher investment cost of CHP is justified by the
higher efficiency in the combined production of electricity and
heat and the lower cost compared to the independent installation
of CCGTs and additional boilers, following the higher demand
of high-temperature heat related to NED. It must be noticed that
the switch from boilers to CHP is only related to the supply of
high-temperature heat demand for the industry. In such a case,
the cost of installation does not involve any heating distribution
network since the production is assumed to be centralized at
the location of the industrial plant. Minor differences involve
a higher installation of PVs for (60% ≤ e ≤ 80%) and a higher
import for e = 10% in the supply of electricity when NED is
included, while the supply of heat involves a higher use of
boilers for e = 80% and a limited use of electrical resistors for
(20% ≤ e ≤ 80%) when NED is included.

Figure 4 presents the technologies involved in satisfying
the non-energy demand per category: HVCs (left) and
methanol (right). Ammonia is not included since its share
in the non-energy demand is fully covered by the import of
renewable ammonia for any percentage of emissions reduction
e ≤ 90%. In production of HVCs, at low emissions reduction
(60% ≤ e ≤ 100%), naphtha is themain resource used through the
process of naphtha steam cracking, with a contribution of wood
gasification limited to a maximum of 20% of the production
for 80% ≤ e ≤ 100%. The complete switch from nonrenewable to
renewable imported ammonia and the use of wood gasification
are the two main drivers for the increase in the renewable
share between the 100% and the 90% scenarios in the NED
(Figure 2). For higher emissions reduction (0% ≤ e ≤ 50%),
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methanol is the main resource to satisfy the HVCs demand,
where the typology of methanol used is imported renewable
methanol. As in Figure 4 (right), the main resource used for
methanol production is woody biomass via wood gasification
for emissions reductions higher than 40% (60% ≤ e ≤ 100%). For
lower emission caps, i.e., 0% ≤ e ≤ 50%, the methanol demand
is predominantly satisfied by the direct import of renewable
methanol (“import renewable”), while the woody biomass is
used for other final uses in the system (e.g., industrial heat).

4 Conclusion

This study was conceived with the realization that a
significant portion of energy demand associated with the
production of goods such as fertilizers and plastics has been
ignored among a large number of bottom-up energy system
models used in the energy systemdesign. Despite acknowledging
that an increase inmodel complexity should always be justified by
the specific research questions addressed, this contribution aims
at providing evidence of the impact that such an omission can
determine on the final design of the energy system.

Beyond the traditionally modeled end-use demands of
electricity, mobility, and heat, a fourth end-use demand, defined
as non-energy (NED), was described through its three main
categories of HVCs, methanol, and ammonia. The NED is
implemented in the bottom-up whole-energy system model
EnergyScope TD and applied to the case study of the Belgian
energy system in 2035. The impact of this additional demand
is evaluated by comparing the results of the same model with
and without the inclusion of the non-energy demand among
the end-uses. Different scenarios are considered based on the
imposition of a cap that progressively limits the emissions of the
system from 100% to 0% by steps of 10 percentage points. In
the case of the two extreme emissions scenarios of e = 100% and
e = 0%, the non-energy demand implies only an additional use
of resources to satisfy the energy demand of HVCs, ammonia,
andmethanol production through specific conversion processes.
However, under intermediate emissions caps (10% ≤ e ≤ 90%),
including the NED affects the selection of the technologies
for the satisfaction of the heat and the electricity demand and
influences the prioritization of the steps to achieve the complete
defossilization. If the share of renewable production per end-use
energy is interpreted as a proxy of the priority of defossilization,
the non-energy end-use demand is the end-use with the highest
priority for emissions reduction of up to 40% of the total
emissions.

In terms of the role of renewable resources and carriers
employed in the defossilization of the energy end-uses, the
inclusion of the NED gives renewable methanol and ammonia
a primary role. Methanol in particular results to be the key
molecule to supply theNEDbased on the conversion ofmethanol
to olefins for the production of renewable HVCs. Given the

limited renewable potential of Belgium, renewable methanol and
ammonia cannot be produced locally, and they imply an increase
in the import of renewable carriers from abroad.

According to the definition of NED consistently used in
this study, the consumption of molecules in refining industries
for fuel production is not included in the proposed end-use
demand. Since the molecules used (like hydrogen) represent
a shared carrier in the satisfaction of different types of end-
use demands, a gap remains in the definition of models for
its implementation as end-use demand. Future works should
identify the main conversion processes of refining industries
and propose a schematic representation of the technologies
involved to allow their implementation in bottom-up whole-
energy system models.
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