
Decarbonization pathways of Hard-to-Abate sectors through hydrogen 
blending solutions☆

S. Mazzoni *, M. Vellini , M. Gambini
University of Roma Tor Vergata, Italy

H I G H L I G H T S

• Hard-to-Abate sector decarbonisation via structured modelling of demand & supply
• Introduction of H2 blending maps for accounting emissions factors and OPEX
• H2 in Hard-to-Abate allows for near-future decarbonization goal achievements.
• Up to 80% CO2 reduction observed when high-temperature heat is generated via H2.
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A B S T R A C T

Following up on European Regulatory plans towards carbon neutrality targets by exploiting cost-effective, 
reliable and easy-to-implement solutions based on hydrogen penetration in the Hard-to-Abate sectors are a 
challenge. Under this umbrella, the authors proposed a methodological approach to model the demand and 
supply of HTA sector needs (e.g. electricity, heat), integrated with proprietary databases of H2-specific pro
duction costs and related CO2 emission factors, and of HTA sectors (e.g. refinery, paper production, glass & steel 
manufacturing) specific consumptions (electricity, heat) and emissions per production unit. The authors pre
sented an H2-CH4 blending model capable of assessing blended fuel CO2 emission factors and OPEX through 
maps. The first map shows that achieving a specific decarbonization target, as an example, 20% in respect of the 
current configuration, requires up to 70% blending of blue H2 (80 kg CO2/MWh emission factor) or only 50% 
blending of green H2 (near-zero CO2 emissions). The second map incorporates LCOH and Carbon Tax to evaluate 
economic feasibility. In a case study with CH4 priced at 70 EUR/MWh and CO2 Tax of 100 EUR/ton, green H2 
remains costlier, while blue H2 blending leads to a slight OPEX reduction of 2 EUR/MWh, since Carbon Tax is 
applied. Thanks to these maps, a sensitivity analysis varying H2 blending fraction with CH4 has been performed 
for five HTA sectors, highlighting CO2 emissions reduction potential, up to 70% in the sectors with larger heat 
demands, such as Oil&Gas, and evaluating OPEX in respect to the reference scenario, showing that at the current 
CO2 Tax of almost 100 EUR/ton and for the actual LCOH the decarbonisation economic viability would require 
the support of regulation and environmental policies implementation.

1. Introduction

Globally worldwide, governmental policies on climate change are 
aligned on the need for a collective effort to phase out fossil fuels pro
gressively (“Transition away”) while simultaneously seeking and 
investing in forms of carbon-neutral energy sources, primarily sup
porting the development of renewable ones (RES) [1]. Indeed, recently, 
at COP28 in Dubai, countries that historically based their core business 

on fossil fuels trading acknowledged the importance of switching to 
alternative energy carriers. [1,2]

Accordingly, it has been proven over the last decades that to tackle 
the Net-Zero Challenges successfully, a synergetic approach ranging 
from the RES penetration, the holistic integration of E-Fuels in the Cir
cular Economy [3] context and arriving at innovative solutions based on 
advanced R&D projects for reducing costs and increasing effectiveness 
of equipments addressed to CCS & CCU is required. At the same time, to 
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establish a priority list of actions to be taken, it is essential to look at the 
carbon intensity related to different processes and the easy-to- 
implement strategy to reduce CO2 emissions in the near term while 
moving towards 2050 goals.

Among energy-intensive sectors, those requiring necessary actions 
correspond to heavy industries such as Cement, Iron & Steel and Glass 
Manufacturing, Oil&Gas, and Paper production, where requirements of 
high temperature on one side and high energy density on the other make 
their decarbonization a challenge [4]. Nevertheless, decarbonisation 
strategies are difficult to implement in other market segments, such as 
Aviation and Shipping [5], where stringent operating conditions occur 
[6,7], and where integration of power-to-fuel solutions based on Green 
H2 production from RES is gaining traction lately, as widely discussed 
by [8].These sectors fall under the definition of the Hard-to-Abate (HTA) 
ones. HTA sectors contribute significantly to global CO2 emissions, and 
their decarbonization potential varies widely depending on the tech
nologies and strategies applied, and it is strictly connected with the 
specific location and application.

Indeed, the Iron and Steel HTA sector accounts for approximately 7% 
of global CO2 emissions [4], with blast furnace-basic oxygen furnace 
(BF-BOF) processes emitting nearly 2 t of CO2 per tonne of steel. 
Promising solutions that implement advanced technologies like 
hydrogen-based direct reduction and electric arc furnaces offer up to 
90% emission reductions [9], while carbon capture and storage (CCS) 
combined with existing methods can achieve 86% savings, with the 
drawback of a relatively relevant increase in the energy use by 17% 
[10]. Some of early stage alternatives, such as scaling up iron ore elec
trolysis and hydrogen-based plasma reduction still see issues related to 
the low TRL, and indeed is limited by deep sensitivity to feed variations, 
requiring more R&D steps in obtaining inert anodes and electrode de
signs [11,12]. In [13], the authors have performed a deep state the art 
investigation on the potetial alternatives for steel decarbonization, 
having identified viable option, with both economic and technical po
tential in H2 integration. In addition, it has been proven that H2 
blending integration in the sector, especially when CCS solutions are not 
available, can lead up to 25% CO2 emission reduction [14].

Looking at the HTA Chemical sectors, they are responsible for up to 
14% of industrial emissions since key products like ammonia and high- 
value chemicals (e.g., ethylene) are highly emissions-intensive [4,15]. 
Among the existing solutions, for decarbonizing the chemical sector, 
electric steam crackers and CCS can cut emissions by 90–100% for high- 
value chemicals, requiring anyway a significant energy consumption 
that drastically reduces the production cycle efficiency, requiring still 
more R&D activities for better integrating the solutions with the existing 
processes. Alternatively, the integration of green H2 for ammonia syn
thesis can achieve 100% decarbonisation, but also in this case a signif
icant energy cost increase is observed [16,17].

The construction material market segment, including the cement and 
lime production, contributes due to the high energy-intensive processes 
to up to 40–50% of the overall emissions of the construction HTA sector 
[18–20]. Presently, CCS technologies (e.g. advanced amines) can cap
ture up to 95% of emissions, but the solution's maturity is still in the 
(6–8) TRL [21–23]. Accordingly, alternative materials, such as 
magnesium-based cement, offer up margin to achieve up to 60% CO2 
emissions reduction [13]. Concurrently, among innovative decarbon
ization technologies the integration of low-capacity plasma torches is a 
promising option, but still the not adequate alkalinity [24,25] requires 
the need for testing and integration of new reinforcements like polymer 
composites. Looking at up-stream decarbonization solutions, like fuel 
switching to biomass or green H2 can cut up to 25–40% of the CO2 
emissions, at increase cost of production. In [26], the authors demon
strate that by integrating H2 into oxy-combustion, despite the loss in the 
overall efficiency, a saving up to 27% in the overall CO2 emissions was 
observed.

The CO2 emissions in the aluminium value chain are broken down 
62–67% of the total from electricity usage in the electrolysis process, 

13–16% comes from thermal energy consumption, 9–12% from process- 
related emissions, and the rest is linked to the use of ancillary raw ma
terials [4]. Some of the solutions for decarbonising aluminium produc
tion account for the recycling aluminium scrap providing the highest 
reduction potential (95%), while inert anodes and low-carbon electricity 
can cut emissions significantly, too [27].

Another energy-intensive HTA sector is glass production. The high- 
temperature furnaces dominate emissions in glass production, with 
almost up to 70–80% [28,29] of the overall energy consumption of the 
glass industry, and when based on fossil fuels, also for the corresponding 
CO2 emissions. Among the solutions available in the literature for 
accomplishing the decarbonisation targets, electrification of low and 
medium-temperature processes and E-fuel switching can reduce up to 
80% of emissions [30]. At the same time, plasma melting and hybrid 
furnaces offer significant potential but with relatively low (4–6) TRL. It 
should be highlighted that glass production via plasma melting is con
strained by scalability and expensive argon gas. A recent scientific paper 
proposed a relevant analysis of the green H2 integration in the hollow 
glass manufacturing sector, by up to 20% CH4-H2 blending ratio, 
demonstrating up to 960 CO2 ton per year of savings, when dealing with 
a plant capacity of almost 90 kton per year of glass production [31].

Oil & Gas sector and refineries are emission-intensive, with 51–63% 
of emissions originating from furnaces used for process heat, 21% from 
hydrogen production (typically via steam methane reforming), 10% 
from CHP and boiler fuel use, and 9% from catalytic cracking [32]. 
Recent studies forecast potential achievements in up to 63% CO2 emis
sions reduction, including CCS [33,34], and among the innovative al
ternatives refining processes like cold cracking are still limited by 
material handling inefficiencies, not allowing large-scale implementa
tion [33]. Among the solutions that can be implemented in the short 
term, switching furnaces and H2 production to a low-carbon alternative, 
desirably by green H2 or electrification already shown promising results 
[34].

The ceramics HTA sector faces significant decarbonization chal
lenges due to its reliance on high-temperature processes for firing and 
drying. The energy-intensive processes occurring in kilns operating at 
1000–1300 ◦C, and producing emissions from fuel combustion (78%) 
and process chemistry (16%). Decarbonization options in ceramics 
include electrification of firing and drying processes, which could 
reduce emissions by up to 50%, even if current (TRLs) remain low (3–5). 
Fuel switching to hydrogen or biogas offers a similarly significant 
reduction [4], while novel approaches like microwave or spark plasma 
sintering present promising but nascent solutions (TRL 1–2) [35].

The results of the analysis of the most up-to-date state of the art of the 
HTA sectors, ranging from the Iron manufacturing, Oil & Gas, and ce
ramics sectors, have led to the identification of some barriers in defining 
a common strategy towards decarbonisation, since each sector is char
acterised by different energy intensity, by heat demands at different 
temperature levels, by different water utilisation and by different plant 
complexity. Furthermore, some of the promising technological solutions 
proposed by the R&D experts still showcase low-TRL and small pilot 
demonstrators that are not allowing their implementation in the short 
term [4].

To speed up and find alternative manners to effectively decarbonise 
the above-mentioned HTA sectors, the integration of advanced plant 
configurations, characterised by enhanced energy efficiency measures 
coupled with fuel diversification, like H2, [36] and heat processes 
electrification, becomes pivotal for the effective deployment of ready-to- 
implement decarbonization pathways in HTA sectors. Furthermore, the 
decarbonization of HTA sectors demands tailored solutions addressing 
scalability, operational efficiency, and cost, coupled with cross-sector 
collaboration and innovation, to achieve sustainable progress. Indeed, 
recent studies focus the attention on the holistic integration of alterna
tive energy carriers such as H2 to supply multiple demands, while 
ensuring optimal H2 system integration [37].

[38–40] A model for evaluating the blending of H2 with CH4, and 
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understanding both from the emission and cost standpoint, which are 
the optimal blending ratios, in respect of H2 production technology 
(green, grey, brown, etc), summarized in Table 1, of the specific appli
cation in the HTA sectors, and of the energy system technological lim
itation has been also presented and discussed.

Accordingly, this work focuses on the heavy industry Hard-to-Abate 
sectors related to goods manufacturing (iron and steel, cement, glass, 
paper) as well as the oil and gas sector. Building on these specific ap
plications, the authors propose a general modelling framework that can 
be readily adapted to assess, from an environmental techno-economic 
standpoint, the decarbonisation potential of any HTA sector and, more 
broadly, of smart industrial districts where electricity, heat, cooling and 
water are concurrently needed [41].

The proposed approach introduce elements of novelties when 
compared with the existing apporach, since demands and supply are 
matched holisitcally. Indeed, on the demand side, the authors introduce 
a unified Energy Consumption Model that consistently represents the 

electricity and thermal loads of different HTA sectors. The model draws 
on established datasets from the state of the art [41] as well as on the 
authors' prior process-level experience [38–40], thereby enabling the 
construction of a harmonised database of sector-specific energy con
sumption profiles. On the supply side, the authors develop a Multi- 
Energy Supply Model that allows for the evaluation of HTA operation 
of combined heat and power units, fuel and electric boilers, heat pumps 
and grid exchanges. This formulation, one the basis of previous work 
[42], enables the simultaneous provision of electricity, heat, cooling and 
water, and allows a complete allocation of CO₂ emissions and costs 
across the energy supply mix.

A further contribution of this work is the explicit treatment of 
hydrogen blending into methane as a decision variable in the optimi
sation problem. The model links the H₂–CH₄ blending ratio to techno- 
economic parameters of diverse hydrogen production pathways 
(green, blue, grey, brown, etc.), as per Table 1, represented through 
generic cost and emission factors, and incorporates sector-specific 

Table 1 
Circular table of hydrogen colour classification.
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blending limits on the energy system side. In this way, the framework 
determines, for each HTA sector and for aggregated industrial districts, 
the optimal hydrogen blending ratio with respect to both emissions and 
cost. Additionally, a two-dimensional sensitivity analysis is performed 
by varying the hydrogen emission factor (kgCO₂/MWh) and hydrogen 
cost (€/MWh), thereby identifying the break-even regions where 
hydrogen blending becomes an effective decarbonisation strategy for 
HTA process heat.

Compared with previous studies on HTA decarbonisation [41] and 
multi-energy system integration of hydrogen [41,43], the proposed 
methodology provides a holistic environmental techno-economic 
assessment through three principal innovations. First, the authors pre
sent a generic and easily customisable HTA Energy Consumption Model 
capable of representing multiple industrial sectors within a unified 
formulation, directly linked to sectoral energy-use databases. Second, 
the authors introduce a multi Energy Supply Model suitable for HTA 
applications and readily extendable to smart industrial districts 
requiring simultaneous management of electricity, heat, cooling and 
water under techno-economic and environmental constraints. Third, the 
framework incorporates low-carbon energy carriers through an explicit 
evaluation of the hydrogen–methane blending ratio potential. By linking 
the multi-energy system to databases of hydrogen production costs and 
carbon intensities, as well as to the HTA energy consumption profiles, 
the proposed model quantifies the potential of hydrogen integration to 
reduce Scope 1 and Scope 2 CO₂ emissions and identifies the most 
promising technology options and blending ratios that balance decar
bonisation performance with cost effectiveness.

In the next section, the proposed methodology is provided, and 
subsequently, the authors present a section with a holistic system layout, 
where the matching between k-HTA sectors' electricity and heat de
mands and Multi-Energy System configuration, equipped with CHP, 
Boilers (fuel and electric), Heat Pumps and national grid, and H2 
blending into CH4, is guaranteed. From the numerical point of view, the 
authors present a sensitivity analysis related to the impact that H2 
emissions factors, expressed in kg CO2/MWh, and cost, expressed in 
euro/MWh, have on defining the optimal blending ratio. Also, the au
thors evaluate the impact of varying the H2 blending ratio (0–100%), 
when the heat demand of the above-mentioned HTA sectors is generated 
via blended H2-CH4 fuel.

1.1. Technical background

In the paper, the authors investigate the potential of integrating 
alternative energy carriers, such as H2, in the HTA sectors for achieving 

carbon emissions reduction and evaluating the economic impact of 
adopting an alternative energy carrier with respect to the typical CH4. 
To quantify the environmental techno-economic feasibility of H2 
penetration in the HTA sectors, the authors have investigated H2 pro
duction technologies and the related costs and emissions, building up a 
database that includes H2-specific costs, namely LCOH (€/kgH2) and 
specific emission (kgCO2/kgH2), shown in Table 2. Similarly, the au
thors have adopted an existing database [38,44], built up by the authors, 
for accounting for the specific energy consumption, in this case only 
accounting for Heat (H) and Electricity (E) of each HTA sector. In this 
paper, the authors implemented in the global model the capabilities of 
the second database adopting data related to the different HTA sectors 
yearly production capacity [38], with the scope to evaluate the specific 
cost (€/Up) and specific emission (kgCO2/Up), per unit of product (Up), 
as shown in Table 3.

Accordingly, to structure methodically the simulation framework, 
and thus evaluate the CO2 emission reduction potential and the related 
economic evaluation in the HTA sectors via H2 blending within CH4, the 
authors have investigated from the most up-to-date state of the art, 
which are costs (CAPEX and OPEX), emission factors, and technical 
limitations of the different technologies for producing H2, coupling them 
with the well-established differentiation of H2 Colours reported in 
Table 1, based on scientific publication [45–48] that investigates 
different H2 production framework. Each H2 colour indeed is charac
terized by an H2 production process (i.e. Gasification, Steam Reforming, 
Electrolysis), a Primary Energy Source (i.e. fossil fuel, nuclear) and an 
Energy Vector (i.e. electricity) required for the accomplishment of the 
H2 production processes. In the circular table, external circle represents 
the energy source/carrier, the middle circle the production technology, 
and the inner circle shows the related H2 colour. Following a well- 
structured approach, the authors summarised the results of deep 
research in the scientific literature [46], in the H2 production database, 
given in Table 2. This database includes a minimum and maximum 
range for the LCOH ranging between 1.0 and 37.0 €/kgH2 [49,50], and 
values ranging between 0.0 and 20.0 kg CO2 /kgH2 the specific CO2 
emissions for kg of H2 and the TRL level related to the market readiness 
of the proposed production. It is important to remark that for some 
technologies, such as dark fermentation and H2 production from 
biomass, the emission factor has been set equal to 0.0 since they are 
typically considered carbon-neutral technologies [49,50]. Still, the 
handling of the produced H2and the related shipping/transportation, 
despite the important improvements in the H2 production and trans
portation value chain [51], will also add –in the order 0.25–0.50 kg CO2 
/kgH2 [52,53] – a small contribution to the overall CO2 emissions. It's 

Table 2 
Summary of hydrogen production methods [45–48].

Source N Production method min LCOH [EUR/kgH2] MAX LCOH [EUR/kgH2] min kgCO2/kgH2 MAX 
kgCO2/kgH2

MATURITY 
[TRL]

Methane 1 SMR 1.0 2.0 8.0 10.0 8–9
2 SMR + CCUS 2.0 2.5 2.0 ** 8–9
3 PYROLYSIS 2.0 2.5 4.2 9.1 7–8

Coal 4 GASIFICATION 1.1 1.5 18.0 20.0 8–9
5 GASIFICATIONS + CCUS 2.0 5.0 3.0 ** 8–9

Electricity 
(+ water)

6 ELECTROLYSIS BY NUCLEAR 4.0 7.0 0.1 0.3 /
7 ELECTROLYSIS BY ON -SH WIND 4.0 12.0 0 0 /
8 ELECTROLYSIS BY OFF -SH WIND 4.0 11.0 0 0 /
9 ELECTROLYSIS BY SOLAR PV 5.0 12.0 0 0 /
10 ELECTROLYSIS BY GRID *** *** *** *** /

Biomass 11 PYROLYSIS 1.3 2.5 CO2 NEUTRAL CO2 NEUTRAL 5–6
12 GASSIFICATION 1.7 2.8 CO2 NEUTRAL CO2 NEUTRAL 8–9
13 DIRECT BIO-PHOTOLYSIS 3.2 26.9 CO2 NEUTRAL CO2 NEUTRAL 4–6
14 INDIRECT BIO-PHOTOLYSIS 1.4 / CO2 NEUTRAL CO2 NEUTRAL 6–8
15 DARK FERMENTATION 2.6 26.7 CO2 NEUTRAL CO2 NEUTRAL 4–6
16 PHOTO-FERMENTATION 2.8 37.2 CO2 NEUTRAL CO2 NEUTRAL 4–6

Note: Storage and Transportation costs are not included.
** Depends on CCS ratios.
*** Depends on National Policies and Costs.
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important to note that especially for Low TRL solutions, the proposed 
LCOH costs, despite the comprehensive literature review carried out by 
the authors [54], can vary in a wide range with respect to different 
factors such as feedstock availability, process efficiency, the scale of 
operation, and technological advancements. Additionally, some of these 
technologies are still in the research and development stages, and their 
commercial viability may improve with further innovation and 
investment.

With similarities to what has been done for the H2 production, the 
authors, thanks to the experience gained in the field over the last years 
[38–40,44], and an up-to-date technical background assessment [55], 
have built up the database of the HTA sectors, For each HTA sector 
investigated in the paper, the electrical (E) and heat demand (H) for the 
unit of production, the CO2 -specific emissions for the unit of production 
for E, when generated with the national grid, and useful heat H, when 
generated by CH4, expressed in kg CO2 /ton, and similarly the specific 
costs, expressed in €/Ton of production. The ton of production refers to 
the produced asset from each of the HTA sectors, thus referring to the 
ton of crude steel, crude oil, glass and so for the other. The value pro
posed in Table 3 are based on a CH4 cost of 70 €/MWh and a related fuel 
emission factor of 0.210 kg CO2 /kWh, on an electricity price of 275 
€/MWh, and a related grid emission factor of 0.319 kg CO2 /kWh, when 
considering Italian National Grid 2023 data. In the last column the ratio 
between the CO2 emissions associated to the electricity and the fuel 
combustion has been also introduced, in order to understand which are 
the HTA sectors with more decarbonization potential, in respect of 
substituting fossil fuels with alternative ones. The development of those 
DBs allows for a systematic classification of the H2 production tech
nologies and for connecting production technologies to the utilisation in 
the HTA sectors.

2. Material & methods

The optimal integration of alternative energy sources and energy 
carriers, preferably with reduced environmental impact, such as re
newables or alternative fuels, like H2, into well-established industrial 
processes requires a systematic approach to understanding how different 
HTA sectors demand, in terms of electricity (E), cold energy (C), heat (H) 
and water (W), can be optimally supplied by smart multi-energy sys
tems, where concurrent generation of the required assets takes place 
[56]. In a broader manner, looking at integrated industrial districts [57], 
the authors have proposed a modelling approach that allows the ag
gregation, and the simulation of industrial estates made up of multiple 
HTA sectors, where the concept of industrial districts can also be 
accounted for. Indeed, heat recovery processes and waste heat man
agement coupled with district heat & cooling operations [58,59] can 
reduce CO2 emissions when looking at the system holistically.

Accordingly, in this section, the authors present Section 2.1, where 
HTA demands are modelled; Section 2.2, where energy supply models 
and the related plant arrangement are discussed; Sections 2.3 and 2.4, 
where overall CO2 emissions and costs are evaluated; and finally, Sec
tion 2.5, where the model for blending H2 into CH4 main fuel stream is 
presented.

2.1. Energy consumption model for Hard-to-Abate sectors

The proposed model aims to provide a robust and, at the same time, 
easy-to-adapt approach for evaluating energy consumption and re
quirements of HTA sectors. Indeed, to meet their production capacity 
(CP), heat and electricity are required. To give a broader scope of the 
model, cold energy and water demands have also been included, looking 
for instance at cement plant batching sections [28,60] and refineries 
[61] where up to 4% of the overall operating cost is strictly linked to 
water usage. The model integrates a comprehensive database featuring 
up-to-date and sector-specific energy consumption metrics for HTA in
dustries to capture these complexities, as discussed in the introduction. 
The fact that the model relies on the actual numbers related to existing 
processes is essential for accurately predicting the overall HTA sector 
consumption. The modelling approach proposed in this section accounts 
for the breakdown of multiple processes where the overall HTA sector 
demands are evaluated summing up the demands required by each 
process. The schematic representation of the model is shown in Fig. 1.

To classify among the different HTA processes which are the ones 
that can be electrified, cogenerated and decarbonised, the authors pro
posed, based on the SoA analysis of the most up-to-date generating 
technologies (namely heat pumps, CHP, boilers, etc.), a systematic 
breakdown of the heat consumptions into three contributions, in respect 
of the temperature level [29,62] Accordingly, the heat demand (HD) is 
systematically broken down into contributions from processes operating 
at low (T ∈ [70; 150] ◦C), medium (T ∈ [150; 400] ◦C), and high (T ∈
[400; TMAX] ◦C) temperature ranges, labelled as Low Temperature (LT), 
Medium Temperature (MT), and High Temperature, respectively.

The total heat demand is computed as the sum of individual contri
butions from all HT, MT, and LT processes, as per Eq. 2. Similarly, the 
model evaluates electricity (ED), cold energy (CD), and water (WD) de
mands, factoring in the specific number (Nj) of processes that require 
these resources. According to the data found in other studies [63], cold 
energy demand considers processes that operate within a defined tem
perature range (T ∈ [0; 20] ◦C), while water demand is tied to the 
process's dependent on water usage.

This comprehensive approach provides a granular understanding of 
energy consumption within HTA sectors and helps identify opportu
nities to optimise overall energy efficiency and reduce carbon emissions. 
Starting from the sector production CP, and thanks to specific con
sumptions (HSC,ESC,CSC,WSC) provided by the database in [kWh/TonP] 
and [m3/TonP], it is possible to evaluate for each demand and of each 
process j-th, the related demands as per the functional equation given in 
Eq. 1: 

f
(
CP,HSC,HD, ESC,ED,CSC,CD,WSC,WD)⃒⃒

j = 0 (1) 

Starting from Eq. 1, the model allows for the evaluation of the overall 
HD

K as per: 

HD
K =

∑NHT

j=1
HDHT

jk +
∑NMT

j=1
HDMT

jk +
∑NLT

j=1
HDLT

jk (2) 

where NHT, NMT and NLT represent the number of HT, MT and LT pro
cesses of the k-th HTA sector. Similarly to HD

K, the electricity consump
tion of the k-th HTA sector ED

K is computed according to (3), with respect 

Table 3 
HTA sectors E & H consumptions, costs and specific emissions for ton of unit production [38–40,44].

HTA sectors E H CO2E CO2H EUROE EUROH CO2H /CO2E

[kWhE/ton] [kWhH/ton] kgCO2/ton kgCO2/ton € /ton € /ton [− ]

Glass 400 200 128 47 110 16 0.4
Oil & gas 80 240 26 56 22 19 2.2
Paper 750 1500 239 350 206 117 1.5
Ceramic 100 100 32 23 28 8 0.7
Iron & steel 680 170 217 40 187 13 0.2
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to the number of processes NE requiring electricity: 

ED
K =

∑NE

j=1
ED

jk (3) 

Cold energy and Water demands, included for giving generality to 
the model, are evaluated according to Eqs. (4) and (5): 

CD
K =

∑NC

j=1
CD

jk (4) 

WD
K =

∑NW

j=1
WD

jk (5) 

where NC and NW are the number of processes of the k-th HTA sector 
requiring cold energy and water, respectively.

Following this approach, it is possible to integrate different processes 
and subsequent HTA sectors, evaluating the overall demands of elec
tricity, heat, cold energy, and water to be supplied to the overall in
dustrial district.

2.2. Energy supply model for the Hard-to-Abate sectors

Looking at the holistic integration of smart multi-energy systems [2]
into industrial districts, the authors proposed a methodological 
approach based on an energy supply model that integrates multiple 
technologies to generate electricity, heat, cold energy and water. The 
scheme of the proposed model is shown in Fig. 2, where among the 
available technologies, the authors selected the most adopted such as 
combined heat and power (CHP) systems, Power Plants (PP), RES plants, 
boilers (BO), heat pumps (HP), vapour compression chillers (VCCH), 
absorption chillers (ABCH), and reverse osmosis (RO) systems.

The proposed modular approach based on 0-D grey-box, steady state 
component model simulation, allows for scalability across different HTA 
sectors, from small-scale facilities to large industrial complexes, and 
approaching the conceptualisation of smart industrial districts where 
different end-user demands could be satisfied from centralised energy 
systems and eventually by sharing electricity, heat, cold energy and 
water among district concept. The energy supply model emphasises the 

Fig. 1. k-th Hard-to-Abate sector – energy consumption model.

Fig. 2. Energy supply model for Hard-to-Abate sector demands.
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integration of diverse energy generation technologies to meet the de
mands of HTA sectors both from an efficient point of view and from a 
ready-to-developed approach, where existing technologies can be inte
grated and eventually retrofitted in the various plant configurations. 
Indeed, to optimally tailor the solution to real plant solutions, the 
different models include performance metrics such as efficiencies and 
coefficient of performance (e.g., ηJ, COPJ) to reflect technology-specific 
characteristics accurately.

Each model, and consequently the overall energy supply model, is 
formulated through a series of equations representing the conservation 
of mass and energy, and each component behaviour through key per
formance metrics, such as efficiencies and coefficients of performance. 
Accordingly, and with reference to the nomenclature and schematic 
representation given in Fig. 2, the equation representing the energy 
supply model are proposed.

The model accounts for the conservation equation definition for each 
bus (network), where energy conservation is guaranteed for electricity, 
heat, and cold energy supply, while mass conservation is for the water 
supply.

Electricity supply for the k-th HTA sector bus is fully described by Eq. 
6: 

ES
k =

∑NG+

j=1
EG+

j +
∑NCHP

j=1
ECHP

j +
∑NPP

j=1
EPP

j +
∑NRES

j=1
ERES

j −
∑NHP

j=1
EHP

j

−
∑NBOE

j=1
EBOE

j −
∑NVCCH

j=1
EVCCH

j −
∑NG−

j=1
EG−

j −
∑NRO

j=1
ERO

j

(6) 

where ECHP
j , EPP

j and ERES
j represent the electricity generated by the j-th 

CHP, j-th PP and j-th RES plant, respectively, and EG+
j the electricity 

imported from the grid. EBOE
j , EHP

j , EVCCH
j and ERO

j are the electricity de
mands to operate the BOE, HP, VCCH and RO component. The model 
accounts also for the electricity that can be exported EG−

j .
The heat supply bus is described by Eq. 7. 

HS
k =

∑NH+

j=1
H+

j +
∑NBOF

j=1
HBOF

j +
∑NHP

j=1
HHP

j +
∑NBOE

j=1
HBOE

j +
∑NCHP

j=1
HCHP

j

−
∑NH−

j=1
H−

j −
∑NAC

j=1
HAC

j

(7) 

where the positive terms are related to heat HCHP
j HHP

j , HBOF
j and 

HBOE
j made available by the CHP units, HP, BOE, and BOF, respectively. 

H+
j and H−

j are introduced for the generality of the modelling and account 
for the option that the system imports and exports some heat in the case 
of district heating layouts.

The cold energy supply bus mainly accounts for the cold energy 
CVCCH

j and CABCH
j generated by j-th VCCH and ABCH, respectively, and for 

imported and exported cold energy C+
j and C−

j , if district cooling oper
ations occur in the industrial estate [56]. Eq. 8 expresses the energy 
conservation on the cold energy bus: 

CS
k =

∑NC+

j=1
C+

j +
∑NVCCH

j=1
CVCCH

j +
∑NABCH

j=1
CABCH

j −
∑NC−

j=1
C−

j (8) 

The authors have included the water bus in the model, since in many 
HTA sectors, water is actively involved in the accomplishment of the 
production value chain and brings along CO2 emissions and costs. 
Accordingly, Eq. 9 shows the mass conservation on the water bus: 

WS
k =

∑NRO

j=1
WRO

j +
∑NW+

j=1
W+

j −
∑NW−

j=1
W−

j (9) 

where WRO
j represent the water produced by the RO, and W+

j and W−
j the 

water imported and exported from the plant.
In addition of the equation set presented from Eqs. 6 to 9, the 

equations describing the components behaviour in respect of the their 
performance such as efficiencies, specific consumptions and coefficient 

of performances have also been presented.
Starting from this approach, the primary fuel consumption ac

counting for CHP and PP is evaluated in Eq. 10, accounting for the CHP 
ratio H/E [64,65] that represent how much heat is generated in 
respected of the electricity. By all means, when dealing with pure PP, H/ 
E is zero. Accordingly, adopting a general formulation given in Eq. 10, 

FkJ
j = EkJ

j •

(

1+HkJ
j

/

EkJ
j

)

•
1

ηJ
kJ

(10) 

It is possible to account for both CHP and PP, when kJ = 1&kJ = 2 , 
respectively, and their related efficiencies. Still, looking at fuel-fed 
equipment, the fuel boiler equation is summarized in Eq. 11, where 
the heat generated is related to the boiler primary fuel input FBOF

J and its 
efficiency ηBOF

J : 

HBOF
J = ηBOF

J ⋅FBOF
J (11) 

In the case of the Electric Boiler/Heater and Heat Pumps, the heat 
generated HBOE

J and HHP
J are related to the electricity input, EBOE

J and EHP
J , 

and to the BO efficiency ηBOE
J and to the HP coefficient of performance 

COPHP
J , respectively: 

HBOE
J = ηBOE

J ⋅EBOE
J (12) 

HHP
J = COPHP

J ⋅EHP
J (13) 

VCCH and ABCH equations are both functions of the coefficient of 
performance of the related component, while the first is fed with elec
tricity, and the second with heat. Eqs. 14 and 15, show the VCCH and 
ABCH behaviour, respectively. 

CVCCH
J = COPVCCH

J ⋅EVCCH
J (14) 

CABCH
J = COPABCH

J ⋅HABCH
J (15) 

The RO model allows for the evaluation of the amount of water mass 
WRO

J produced starting from the required electricity ERO
J . The key per

formance parameter is the specific consumption expressed in m3/kWh. 
The Eq. 16 represents the RO. 

WRO
J = CS

RO
J ⋅ERO

J (16) 

According to the overall set of equations that allow for evaluating all 
the terms and variables presented in Fig. 2, they are later used for 
evaluating the environmental techno-economic parameters required to 
perform the simulations.

2.3. Carbon emissions evaluation

To comprehensively evaluate the environmental impact of the en
ergy supply system, the model takes the carbon emissions associated 
with each flow entering the system into account, ranging from the 
electricity imported from the grid, the amount of fuel required for 
feeding the CHP, PP systems and boilers, and accounts also for heat and 
cold energy imports, looking at industrial district scenarios. Carbon 
emissions are calculated as the product of energy consumption and the 
corresponding emission factors. The emission factors, expressed in ki
lograms of CO₂ per kilowatt-hour (kgCO₂/kWh), capture the specific 
carbon intensity of each primary input. The resulting total emissions are 
expressed in tons of CO₂ per year. The carbon emission evaluation 
framework provides a detailed assessment of the environmental impact 
associated with the energy supply system. Indeed, each emission factor 
fCO2 is specific to each energy input and varies depending on the fuel mix 
(namely H2-CH4 blending, in the proposed case scenario) and energy 
generation technologies. The proposed approach is generic in the 
formulation and, for this reason, can be adjusted appropriately to 
different HTA sectors, enabling a tailored evaluation of carbon emissions 
based on sector-specific energy profiles. The proposed granular 
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approach for accounting for CO2 emissions allows the model to be easy 
to link with the most advanced certification standards, ISO 14064/ 
14067 for instance, allowing the entire value chain of the sustainable 
linked loans and green financing mechanisms [66,67].

CO2 emissions from total Fuel COFTOT
2 are evaluated from fuel con

sumption in CHP, PP and BOF systems and are calculated as Eq. 17: 

COFTOT
2 =

∑NCHP
F

j=1
FCHP

j ⋅fCHP
CO2

+
∑NPP

F

j=1
FPP

j ⋅fPP
CO2

+
∑NBOF

F

j=1
FBOF

j ⋅fBOF
CO2

(17) 

CO2 emissions due to electricity COE
2 imported from the grid are 

calculated as Eq. 18

COE
2 =

∑N+
G

j=1
EG+

j ⋅fE
CO2

(18) 

CO2 emissions due to district heating COH
2 and cooling 

COC
2consumption are evaluated as Eqs. 19 and 20

COH
2 =

∑N+
H

j=1
HH+

j ⋅fH
CO2

(19) 

COC
2 =

∑N+
C

j=1
CC+

j ⋅fC
CO2

(20) 

CO2 emissions due to Water Supply COW
2 are evaluated as Eq. 21

COW
2 =

∑N+
W

j=1
W+

j ⋅fW
CO2

(21) 

Accordingly, Total Carbon Emissions COTOT
2 from the system are 

calculated by summing the individual contributions, as per Eq. 22: 

COTOT
2 = COE

2 +COH
2 +COC

2 +COW
2 +COFTOT

2 (22) 

It should also be highlighted, that despite it has not been taken into 
consideration in the proposed model, Eqs. 18–21 could also be gener
alized including for the negative CO2 emissions thus accounting the 
options of exporting the generated goods to other players potentially 
part of the industrial district.

2.4. Economic evaluation: OPEX and CAPEX

The economic performance of the energy system is evaluated 
through two key financial metrics: Operating Expenditures (OPEX) and 
Capital Expenditures (CAPEX). OPEX represents the costs associated 
with the system's operation, including fuel consumption, electricity 
imports, heat, cooling, water usage, and carbon taxes.

Conversely, CAPEX reflects the initial investment costs required to 
establish the HTA supply systems, including components and equipment 
such as CHP units), boilers (Electrical and fuel), heat pumps, vapour 
compression chillers, absorption chillers, and reverse osmosis.

The OPEX and CAPEX evaluations offer valuable insights into the 
system's economic performance that will allow future studies to evaluate 
the environmental techno-economic feasibility of the roadmap towards 
NZE HTA sectors. Indeed, these metrics provide a quantitative basis for 
evaluating the trade-offs between initial investment and ongoing oper
ational costs, allowing the formulation of advanced objective functions 
for ping the HTA supply system design. The authors have proposed an 
approach based on a proprietary database of equipment costs for eval
uating the CAPEX for each system as the product of the specific cost of 
the technology by the nominal capacity of the related asset, as shown by 
Eqs. 30 to 36, it is worthy of note that specific CAPEX Ck− th

o of the k-th 
components, typically expressed as [euro/kW], is representative of the 
family/class of equipment taken into consideration and can be easily 
adjusted to be the most adequate value when detailed OEM data are 
available. On the operational side, the authors have accounted – in this 
paper – for variable OPEX, related to the consumables such as fuel mass, 
electricity imported from the grid, and water required by the processes. 
Following this approach, the formulation of both OPEX and CAPEX 
equations is adaptable to systems of different scales and configurations, 

making the methodology versatile for various applications in HTA 
sectors.

2.4.1. OPEX evaluation
The OPEXE associate to the electricity imported from the grid EG+

j is 
calculated as equation Eq. 23, where ∊Eis the price of the purchased 
electricity, in the specific case study assumed to be constant over the 
year. 

OPEXE =
∑N+

G

j=1
EG+

j ⋅∊E (23) 

Similarly, the OPEXFare related to the fuel consumption in CHP, PP 
and BOF systems is given by Eq. 24, where ∊CHP, ∊PP ∊BOF represents the 
fuel cost for CHP, PP and BOF, which, on a general basis, could differ. 

OPEXF =
∑NCHP

F

j=1
FCHP

j ⋅∊CHP +
∑NPP

F

j=1
FPP

j ⋅∊PP +
∑NBOF

F

j=1
FBOF

j ⋅∊BOF (24) 

OPEXH and OPEXC, related to the heat and cold energy imported, are 
established based on the heat and cold energy cost, and the formulation 
is expressed by Eqs. 25 and 26.

The operational cost of heat imported or consumed is calculated as: 

OPEXH =
∑N+

H

j=1
HH+

j ⋅∊H+ (25) 

OPEXC =
∑N+

C

j=1
CC+

j (t)⋅∊C+ (26) 

OPEXW is calculated based on the water imported and of the related 
unitary cost ∊W+, and Eq. 27 expresses it. 

OPEXW =
∑N+

W

j=1
WW+

j ⋅∊W+ (27) 

It is important to highlight the importance of evaluating the OPEX for 
Carbon Tax OPEXCO2. Indeed, the cost of carbon emissions is based on 
the carbon tax applied to the total emissions, and the carbon tax ∊CO2

TAX is a 
relevant parameter used for the case study investigation. 

OPEXCO2 = COTOT
2 ⋅∊CO2

TAX (28) 

The total operational expenditures are calculated as the sum of all 
OPEX components: 

OPEXTOT = OPEXE +OPEXF +OPEXH +OPEXC +OPEXW +OPEXCO2

(29) 

2.4.2. CAPEX evaluation
CAPEX for CHP and PP systems:
The capital cost of CHP and PP systems is proportional to their 

nominal electrical capacity PCHP
NOM, PPP

NOM, respectively 

CAPEXCHP = CCHP
o ⋅PCHP

NOM (30) 

CAPEXPP = CPP
o ⋅PPP

NOM (31) 

CAPEX for heat pumps CAPEXHP :

The capital cost of heat pumps is proportional to their nominal 
electrical capacity PHP

NOM 

CAPEXHP = CHP
o ⋅PHP

NOM (32) 

CAPEX for Fuel and Electric Boilers CAPEXBOF and CAPEXBOE are 
evaluated based on the nominal heat power output, QBOF

NOMand QBOE
NOM, 

respectively. 

CAPEXBOF = CBOF
o ⋅QBOF

NOM (33) 

CAPEXBOE = CBOE
o ⋅QBOE

NOM (34) 

CAPEX for Vapor Compression Chillers CAPEXVCCH:
The capital cost of vapour compression chillers depends on their 
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nominal cooling power capacity CPVCCH
NOM 

CAPEXVCCH = CVCCH
o ⋅CPVCCH

NOM (35) 

CAPEX for Absorption Chillers CAPEXABCH:
The capital cost of absorption chillers is calculated based on their 

nominal cooling power capacity CPABCH
NOM 

CAPEXABCH = CABCH
o ⋅CPABCH

NOM (36) 

CAPEX for Reverse Osmosis Systems CAPEXRO :

The capital cost of reverse osmosis systems is proportional to their 
nominal water treatment capacity WCRO

NOM: 

CAPEXRO = CRO
o ⋅WCRO

NOM (37) 

CAPEX for RES CAPEXRES :

The capital cost of general RES is assumed to be proportional to the 
RES installed capacity PRES

NOM: 

CAPEXRES = CRES
o ⋅PRES

NOM (38) 

The overall CAPEX is computed as the sum of all terms provided from 
Eqs. 30 to 38.

2.5. Fuel mixing model

To exploit the potential of decarbonising HTA by blending H2 
together with CH4, it is crucial to evaluate the blended fuel-specific 
properties in terms of LHV, equivalent emission factor fCO2BL, and 
equivalent specific cost per kWh or per kg. Accordingly, the authors 
have proposed a 0-D lumped model for accomplishing the evaluation of 
the quantities mentioned above. The scheme of the mixer component 
model is presented in Fig. 3:

From the general approach presented by the authors, the mixer, or 
‘blender,’ is capable of dealing with k-th gaseous streams (each char
acterized by specific chemical and physical properties) into a blended 
flow stream. Given the steady-state condition of the processes and the 
authors' requirement of system global performance evaluations, the 
model is simplified, and it assumes that the blending process is isobaric 
(constant pressure) and isothermal (constant temperature) conditions, 
assuming the system reaches thermodynamic equilibrium, ideally. For 
this methodology, only mass and energy conservation equations are 
explicitly considered.

Starting from the various fuel stream's molar fractions (%vol), the 
mixer model allows the evaluation of the corresponding mass fractions, 
thanks to Eq. 39, 

%mk =
%volk⋅PMk

∑n
k=1(%volk⋅PMk)

(39) 

The mass fraction is essential to ensure energy conservation and to 
quantify thus the blended fuel LHVbl, given in Eq. 40, and the blended 
fuel emissions factor, fCO2BL, shown in Eq. 41, respectively. 

LHVBL =
∑n

k=1
(%mk⋅LHVk) (40) 

fCO2BL =
∑n

k=1

(

%mk⋅
LHVk⋅fCO2 ,k

LHVBL

)

(41) 

Looking at the system cost, the blended fuel cost is provided by Eq. 
42

∊BL =
∑n

k=1
%mk⋅

LHVk⋅∊k

LHVBL
(42) 

The computation of the H2-CH4 blending mixture properties have 
been performed using the fluid properties CoolProp (https://coolprop. 
org/coolprop/wrappers/MATLAB/index.html#matlab), and the well 
know REFPROP fluid properties from NIST.

3. HTA supply and demand matching

After having proposed the methodological approach followed for 
dealing with the integration of multi-energy systems in the decarbon
ization roadmaps towards 2050 carbon neutrality and having discussed 
on how to structure a flexible and reliable modelling tool for solving, in 
this section the authors present the general concept of the basis on top of 
which different case studies, related to different configurations, can be 
explored and evaluated, with a wide focus on the H2 penetration on the 
generation side.

Accordingly, in Fig. 4, the authors have proposed the HTA Industrial 
District concept and coupled it with the heat and electricity-generating 
components to match the component models related to the Energy De
mand and Supply models. The scheme illustrates a system-level inte
gration of energy supply and demand for Hard-to-Abate industrial 
sectors, focusing on decarbonization pathways. Based on Table 3, where 
the authors summarised heat (H) and electric (E) consumptions of the 
various HTA sectors in the proprietary database, the scheme of Fig. 4
does not include water consumption and cold energy consumption, since 
in many applications still are not considered as properly HTA assets. 
Adding other buses (networks), as per the scheme of Figs. 1 and 2, would 
not have changed the approach. Indeed, different k-th HTA sectors, such 
as Oil&Gas, Steel Manufacturing, Glass and Paper production, and many 
others, can be linked together to a Heat Demand and Electric Demand 
bus, respectively, where j-th generation assets such as CHPs, PPs, HPs, 
BOE

S, BOF
S and the National Grid are injecting the required supply heat 

and electricity to satisfy the overall demand of the various HTA sectors. 
It should be remarked that in some industrial specific applications, in
ternal grids provide for supporting the satisfaction of the related 
demands.

The diagram emphasizes the potential integration also of renewable 
energy sources coupled with the above-mentioned components, that are 
fed by electricity from the national grid (or from internal grid) and by a 
fuel mix (MIX) including hydrogen (H2), methane (CH4), Through en
ergy conversion processes, they synergically contribute in injecting heat 
and electricity into the respective demand buses. This conceptual 
framework highlights the critical role of flexible, multi-energy systems 
in decarbonizing HTA sectors while leveraging clean energy carriers like 
hydrogen to reduce emissions and enhance sustainability.

In order to perform an optimal selection of the proposed plant 
components, it is relevant to establish also the technical specification of 
each technology, and the capability of each sub-system to provide the 
heat at the required temperature level. For doing so, it is worthy of note 
that despite a single-line Heat Demand bus, according to Eq. 2, together 
with the overall amount of heat to be supplied expressed in kWh, in
formation related to the temperature and pressure levels, together with 
related mass, are required to design the generating assets properly. 

Fig. 3. Fuel mixer component model scheme.
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Indeed, heat is generally produced at low, medium and high tempera
ture levels, and for each level, pressure and temperature required to be 
defined. Indeed, by combining Eqs. 3 and 6, it is possible to define the 
constraint given in Eq. 43 to guarantee that the HTA sector demands are 
fully satisfied. 
∑

ED
K −

∑
ES

K ≤ 0 (43) 

According to the above, looking at the general configuration of the 
Heat Demand bus, the Eq. 44 need to be combined with the quality of 
heat typically generated by the energy system components. Indeed, 
ranging between HP & BOE, CHP, and BOF the heat generated can supply 
low temperature, medium temperature and high temperature. Thus, as a 
general modelling approach for breaking down the heat demands in low, 
medium and high temperature level the authors have defined Eqs. 
45–47, where each temperature level is properly combined with tech
nology capable to supply such temperatures and pressures. 
∑

HD
K −

∑
HS

K ≤ 0 (44) 

∑
HDHT

K −
∑

HBOF
K ≤ 0 (45) 

∑
HDMT

K −
(∑

HCHP
K +

∑
HBOF

K

)
≤ 0 (46) 

∑
HDLT

K −
(∑

HBOE
K +

∑
HHP

K

∑
HCHP

K +
∑

HBOF
K

)
≤ 0 (47) 

The characterization of temperature levels across various processes 
and the alignment with corresponding generation technologies are not 
explored in this paper. The study focuses on evaluating the practical 
impact of H₂ Levelized Cost of Hydrogen (LCOH) and related emission 
factors on decarbonizing the overall heat demands of different HTA 

sectors. This evaluation excludes the integration of Combined Heat and 
Power (CHP) systems, Heat Pumps (HPs), and Boilers (BOE) in the 
specific case study. In the following section, the authors present the 
details of the specific case study, along with a comprehensive list of 
assumptions and the results of integrating alternative energy carriers, 
such as H₂, into HTA sectors.

4. Case study

In this paper, the authors have investigated the integration of H2 
energy carriers for H demand-supply, assuming that the CH4 replace
ment in heat generation requires only minor technical plant adjustments 
[68]. This option can be seen as an ‘easy-to-implement’ alternative that 
will allow a quick and responsive answer to the request for decarbon
ising HTA sectors.

To perform the calculation, it has been assumed that electricity de
mand is fully imported from the national grid, while the heat demand is 
generated by fuel boilers, fed with H2-CH4 blended fuel. Fig. 5, is a 
specific possible configuration of the general HTA layout presented in 
Fig. 4, which can be evaluated by considering a reduced sub-set of 
equations of the one proposed in the Section 2, in the energy demand 
and supply models.

The evaluations carried out and presented by the authors refer to H2 
production between 1 and 11 (from Table 2), since the other production 
from 12 to 16 provide similar results since they all refer to CO2 Neutral 
Biomass processes. H2-CH4 blending between 0% and 100% have been 
investigated, and results in terms of decarbonization potential operating 
cost variation have been presented in absolute value per unit of pro
duction capacity and also in relative value of CO2 emissions and oper
ating costs versus the baseline. The benchmark adopted for establishing 

Fig. 4. HTA industrial district concept.
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the potential for decarbonising the different proposed configurations 
refers to specific emissions and costs in Table 3, and results are presented 
for each of the HTA sectors listed in Table 3. The next section lists the 
assumptions proposed by the authors based on the most up-to-date SoA 
for performing the simulations. By all means, by changing the numerical 
values of the assumptions, the results will change, but the outcome of 
the proposed model will remain valid.

Assumptions
To perform the evaluation, according to the mathematical formula

tion proposed in Section 2, and the scheme given in Fig. 5, it is necessary 
to list assumptions related to electricity and fuel costs, emissions factors, 
efficiencies and carbon tax. Accordingly, the most relevant assumptions 
have been listed below: 

• The model operates under steady-state conditions without consid
ering transient phenomena.

• Chemical reactions are considered at equilibrium.
• Heat demand (H): the boiler efficiency for H2 and CH4 is assumed to 

be the same [69]
• H2 Specific emissions (H2 fCO2) and H2 Specific cost (namely LCOH) 

refer to values summarized in Table 4, based on the database pro
vided in Table 2. The assumptions of the calculations account for the 
minimum specific emissions value and to the LCOH values that have 
been found to be most recurrent in the context. It should be remarked 
that specific emissions refer to the terms accounted under Scope 1.

• Carbon Tax: 100 €/ton CO2.
• National Grid: The emission factor assumed of 0.319 kg CO2 /kWh, 

according to 2023 Italian data [70,71], price is up to 275.0 €/MWh.
• CH4: emission factor of 0.210 kg CO2 /kWh, price is of about 70.0 

€/MWh [72]

5. Results & discussion

In this section, the authors present the results of the application of 
the fuel mixing model, showcasing the blending potential based on the 

H2 blending ratio through a blended fuel-specific CO2 emission factor 
and specific cost maps in Section 5.1. While taking into consideration 
the plant configuration, together with the technological constraints, 
such as the boiler efficiency, the blending potential and the benchmark 
of the various HTA sectors, the effect of the H2 blending in the HTA 
sectors is fully described in Section 5.2.

5.1. H2 blending potential

To fully exploit the introduction of H2 in the electricity and heat 
generation of the required HTA demands, it is essential to understand 
the effects of blending H2 and CH4 on blended fuel LHV, emission fac
tor, cost and decarbonization potential. Indeed, as per the Mixer 
component model, described in Section 2, it results clear that the eval
uation of the above-mentioned quantities strictly depends on the 
blending ratio, expressed typically in volume ratios, and on the molec
ular weight of each of the mixture's components (in this case only H2 
and CH4). Indeed, as can be observed in Fig. 6, where the x-axis rep
resents the volumetric fraction of H2 in the fuel mixture, the H2 mass 
fraction becomes greater than the CH4 ones only for volumetric values 
above 85%. Indeed, the H2 molecular weight is roughly 1/8 of the CH4 
molecular weight. Since LHV evaluation and emission factors evaluation 
are based on the mass composition of the fuel mixture, it can be observed 
that, considering a CH4 LHV of 13.8 kWh/kg, when a blending in vol
ume of 50% is considered, the blended LHV is of about 16.1 kWh/kg, 
with an 11% H2 mass fraction in the mixture and an equivalent emission 
factor, considering the case of Green H2, characterised by 0.0 kgCO2/ 
kgH2, of about 0.16 kgCO2/kWh. By all means, if other H2 production 
technologies are accounted for, the blended fuel emissions factor will 
never be 0.0, and Fig. 8 will show this aspect.

From an economic standpoint, thanks to the support of Fig. 7, it can 
be understood that assuming the CH4 cost of 70 EUR/MWh and the 
optimistic scenario of the Green Hydrogen at the lowest range of Table 2, 
with an LCOH of about 4 EUR/kgH2, corresponding to about 118.3 
EUR/MWh, also when CO2 Tax is accounted for, the overall cost of 
operating the system with H2, is in all the blending scenario, ranging 
from 10% to 100%, greater than the reference scenario, where volu
metric fraction of H2% is 0. It can be observed that the spread on the CO2 
cost, considering a CO2 tax of 100 EUR/ton, between the reference case 
scenario and each blending configuration is reducing proportionally 
with the blending ratio (green candle of the chart), but at that price of 
the CO2 tax, is still more expensive than the reference scenario. When 
the CO2 tax becomes greater than 200 EUR/ton, the H2 penetration for 
the given price starts to be convenient.

Given the multitude of parameters affecting the evaluation of the 
blended fuel emission factors and related costs, the authors have pro
posed a systematic approach based on maps in Figs. 8, 9 and 10. Indeed, 
starting from the H2 production database, given in Table 2, the potential 
combination between H2 specific emission factor, expressed in kgCO2/ 
MWh, and H2 specific costs, expressed in EUR/MWh, it is possible to 
establish once assumed the CH4 specific emission factor and specific 
cost, in this case, 210 kgCO2/MWh and 70 EUR/MWh, respectively, 
which are the values assumed by the blended fuel varying the blending 

Fig. 5. Fuel mixer component model scheme.

Table 4 
H2 assumptions for the calculations based on Table 2.

Source N Production Method H2 cost 
[EUR/MWh]

H2 fCO2 
kgCO2/MWh

Methane 1 SMR 57.1 240.2
2 SMR + CCUS 72.1 60.1
3 PYROLYSIS 57.1 126.1

Coal 4 GASSIFICATION 42.0 540.5
5 GASSIFICATIONS + CCUS 141.1 90.1

Electricity 
(+
water)

6 ELECTROLYSIS BY 
NUCLEAR

201.2 3.0

7 ELECTROLYSIS BY ON 
-SH WIND

342.3 0.0

8 ELECTROLYSIS BY OFF 
-SH WIND

318.3 0.0

9 ELECTROLYSIS BY SOLAR 
PV

267.3 0.0

10 ELECTROLYSIS BY GRID 363.4 477.5
Biomass 11 PYROLYSIS 63.1 0.0
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Fig. 6. H2-CH4 blending – LHV, fCO2BL and H2mass vs H2 volumetric fraction.

Fig. 7. H2-CH4 blending in volume– blended fuel cost and CO2 Tax vs H2 volumetric fraction.
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ratio, x-axis, and varying the H2 specific emission factor, y-axis of Fig. 8, 
and the H2 specific cost, y-axis of Figs. 9 and 10, that differ for the 
assumption of the CO2 Tax value, that is in one case 0.0 EUR/Ton and in 
the other case 100.0 EUR/ton. Looking at the CO2 Emission Factor Map 
given in Fig. 8, it can be observed that when considering an H2 emission 
factor equal to zero, varying the blending ratio between 0% to 100%, the 
blended fuel emission factors are the ones given in Fig. 6.

This map becomes more and more useful when, for instance, a 
reference emission factor, 210 kgCO2/MWh (ideal combustion of solely 
CH4), is known, and the decarbonisation target is set. Indeed, if, as an 
example, a target reduction of 20% is required, leading to about 
165–170 kgCO2/MWh, this map helps understand the required blending 
for a well-established H2 production technology. Furthermore, when 

coupling H2 integration with energy systems, understanding the tech
nological limitations in accommodating H2 blending becomes funda
mental. Looking at Fig. 8, the 20% CO2 emission factor reduction can be 
obtained for instance, with a 50% blending of fully Green H2 (emission 
factor = 0.0), or with a 70% blending of a Blue H2, such as the one given 
in Table 2, of a Coal Gasification with CCS (emission factor = 90 kgCO2/ 
MWh). Since both options allow for obtaining the same blended fuel 
emission factor, it becomes relevant to understand, from the economic 
point of view, how the two different fuels have a practical impact on the 
system operating costs.

When considering the Green H2, on the basis of the data provided in 
Table 2.0, in the best-case scenario, the lowest cost is about 120 EUR/ 
MWh of H2, and the highest value is up to 360 EUR/MWh. The Blue H2, 

Fig. 8. H2-CH4 blending in volume – blended fuel emission factor map.
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instead, ranges between 60 EUR/MWh, in the best scenario, up to 150 
EUR/MWh, in the worst, the most expensive. Inputting the H2 Blending 
Value described before in the Cost map given in Fig. 9, for accomplishing 
a 20% CO2 Emission Factor reduction, it can be observed that with the 
50% blending ratio (enough when considering Green H2), the blended 
cost ranges between 80 and 140 EUR/MWh, in respect of the lowest/ 
highest cost given in Table 2, higher than the reference 68 EUR/MWh of 
the CH4. When considering the Blue H2 and entering the Cost Map with 
70% blending, the blended fuel cost ranges between 68 and 102 EUR/ 
MWh, becoming slightly competitive in the best scenario, with the 
reference case.

Thanks to the support of the Cost Map given in Fig. 10, which in
cludes a CO2 tax of 100 EUR/Ton CO2, the blended fuel cost for Green 

H2 and Blue H2 ranges respectively between 90 and 145 EUR/MWh, and 
80 and 115 EUR/MWh, when the reference case scenario is now char
acterised by an overall reference cost of about 90 EUR/MWh, based on 
70 EUR/MWh for the CH4 cost, and about 21 EUR/MWh for accounting 
the CO2 Tax.

As seen in this second scenario, when CO2 Tax is included in the 
investigation, H2 penetration becomes a valid potential alternative to 
decarbonise, allowing a comparable economic viability of the solution.

5.2. Heat supply via H2 in the HTA sectors

In this section, the authors present the results of the proposed 
methodology to evaluate the impact of H₂ penetration in the various 

Fig. 9. H2-CH4 blending in volume – blended fuel cost map CH4 Cost = 70 €/MWh & CO2 Tax = 0.0 EUR/Ton.
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HTA sectors, explicitly accounting for the type of H₂ (green, blue, grey, 
etc.) adopted to tackle the decarbonization challenge. As mentioned 
before, the reference emission values and costs for generating heat and 
electricity in each HTA sector are summarized in Table 4 and are used as 
reference to establish the benchmark conditions. To properly read the 
proposed CO₂ maps, it is first necessary to recall the reference emission 
level associated with conventional heat production. Assuming a boiler 
efficiency of 0.9 and a CH₄ emission factor of 210 kgCO₂/MWh, the 
specific emissions, under Scope 1, for 1 MWh of generated heat are 
approximately 230 kgCO₂. Consequently, if the specific CO₂ emissions 
associated with a given H₂ production technology led to an effective 
emission factor for heat production larger than this value, that tech
nology should be not consider a viable alternative, since its use would 

increase the overall emissions compared to the baseline CH₄-only 
configuration.

Anyhow, given the importance of mapping the decarbonization po
tential related to H2 integration into HTA sectors, the authors, following 
up with proposed methodology summarized by Fig. 8, 9 and 10, have 
mapped all the combination of H2 blending in respect of production 
costs and associated emission factors, in Fig. 11 and Fig. 12. To account 
for the threshold benchmark, related to the CO2 emission reduction 
viability, of 230 kgCO2/MWh of heat generated, the authors have pre
sented the results in Fig. 13.

Fig. 11 shows the absolute values of total CO₂ emissions kgCO₂/ton 
and total operating costs €/ton as a function of H₂ blending and H₂ 
quality, while Fig. 12 shows the normalised variation of total operating 

Fig. 10. H2-CH4 blending in volume – blended fuel cost map CH4 Cost = 70 €/MWh & CO2 Tax = 100.0 EUR/Ton.
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cost (ΔCost/REF) and total CO₂ emissions (ΔCO₂/REF) for the five HTA 
sectors as a function of two independent variables: the volumetric H₂ 

blending ratio in the fuel mixture (x-axis) and either the specific cost of 
H₂ €/MWh or its specific emission factor kgCO₂/MWh (y-axis). Negative 

Fig. 11. H2 blending impact on HTA sectors – CO2 emissions and OPEX (absolute values).

Fig. 12. H2 blending impact on HTA sectors – CO2 emissions and OPEX (normalized values).
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percentages indicate a reduction of emissions or costs with respect to the 
benchmark, while positive values indicate system configuration not 
effectively convenient, both from an economically perspective neither 
from an environmental one. In all plots, the white dashed line represents 
the zero-variation contour and therefore identifies the combinations of 
H₂ quality and blending level that keep the corresponding indicator at 
parity with the reference case. Indeed, results in Fig. 12 highlight that 
the impact of H₂ integration strongly depends on both the H₂ emission 
factor and the relative weight of thermal demand in each sector (CO2H/ 
CO2TOT from Table 3). In all sectors, moving towards higher H₂ blending 
and lower H₂ emission factors drives the system into regions with 
negative ΔCO₂/REF whereas high blends combined with carbon- 
intensive H₂ rapidly become unfavourable. This behaviour is particu
larly pronounced for sectors characterised by a high contribution of 
thermal emissions.

According to the above, the Oil & Gas refinery sector is confirmed as 
the most affected by H₂ integration, since it shows the highest CO2H/ 
CO2TOT factor among the HTA sectors considered. When 100% of the 
thermal demand is supplied by low-carbon H₂ (downwards region of the 
plot), total CO₂ emissions in the refinery sector decrease from about 80 
kgCO₂/ton in the benchmark case to values of the order of 30 kgCO₂/ton, 
corresponding to a reduction close to 70%.

If, instead, H₂ is produced via high-carbon routes (upper part of the 
plot), the same blending level can increase total emissions well above 
the baseline, confirming that not all H₂ is intrinsically “green”. Similar 
trends are observed in the paper and glass sectors, which are also 
characterised by high CO2H/CO2TOT ratios. In the pulp & paper sector, 
the deepest reductions (ΔCO₂/REF ≈ − 30%) are achieved at high 
blending levels and low H₂ emission factors, while for unfavourable H₂ 
production routes CO₂ savings remain marginal or can even turn into 
penalties.

Conversely, when the CO2H/CO2TOT ratio is low and electrical con
sumption is predominant, the benefit of H₂ blending becomes less rele
vant. This is clearly visible in the Iron & Steel Manufacturing sector, 
where even the most favourable H₂ scenarios lead to a reduction in total 
emissions from about 260 kgCO₂/ton to roughly 220 kgCO₂/ton, leading 
to a maximum reduction of up to 15%. In the ceramic sector, absolute 
emissions are relatively low already in the reference configuration; H₂ 
integration still produces noticeable percentage reductions in favour
able regions of the map, but the absolute mitigation potential is more 
limited compared to refineries or the paper industry.

Fig. 12 also highlights the corresponding normalised operating costs, 
where the vertical axis refers to the specific cost of H₂ and the colour 
scale represents ΔCost/REF. In all sectors, the cost response is mono
tonic: at a given H₂ quality, increasing the blending ratio systematically 
increases the total cost, while decreasing the H₂ price shifts the whole 
surface downwards. The zero-variation line has a positive slope, indi
cating that low H₂ prices allow for higher blending levels at cost parity, 
whereas high H₂ prices restrict economically acceptable blends to low 
values. Looking again at the refinery sector as an example, at low H₂ 
prices there exists a broad operating region where ΔCost/REF remains 
close to zero for blending levels up to 30–40%, meaning that significant 
CO₂ reductions can be achieved at nearly constant OPEX. When the 
specific cost of H₂ approaches the upper bound of the range, however, 
the cost increase becomes substantial, with ΔCost/REF exceeding +80% 
for higher blending ratios. A similar behaviour can be observed in the 
paper and glass sectors, where the larger thermal demand per tonne of 
produced good amplifies the cost impact of H₂. In the most extreme 
cases, the equivalent cost per ton more than doubles with respect to the 
benchmark. In the ceramic and Iron & Steel Manufacturing sectors, the 
gradients are milder, reflecting the lower weight of H₂ in the overall 
energy balance; nevertheless, high H₂ prices coupled with high blending 

Fig. 13. Potential CO2 emissions reduction for H2 production type.
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levels also lead to significant cost penalties.
Looking instead at the H2 production types of Table 4, Fig. 13

summarises the decarbonization potential of the different H₂ production 
technologies in a more direct way. Indeed, only the system configuration 
characterized by CO2 reduction is represented with colours, while for H2 
production type characterized by higher than 230 kgCO2/MWh of heat, 
the CO2 figures shows white areas. These results confirm that, in the 
separate production of heat and electricity for HTA sectors, only a 
restricted set of H₂ production technologies simultaneously allows for 
substantial CO₂ emission reductions and acceptable operating costs. In 
particular, the refinery sector, with CO2H/CO2TOT ≈ 2.2, can benefit 
from CO₂ reductions approaching 70% when supplied with low-carbon 
H₂, whereas for sectors with lower thermal shares the maximum 
achievable reduction is much smaller. Conversely, operating costs in
crease in almost all configurations, highlighting that additional policy 
instruments or market mechanisms are required to make deep decar
bonization via H₂ blending economically viable.

Given the trend of the results of the Glass and Refinery HTA sectors, 
the authors have presented for these two sectors a deeper analyses re
view since are the once characterized by the most prominent decar
bonization potential. For doing so, the comparative assessment of the 
Glass and Refinery sectors is shown in Fig. 14, where normalised vari
ations of CO₂ emissions and operating costs are represented as overlaid 
three-dimensional surfaces. In both figures, the Glass sector is shown in 
blue and the Refinery sector in green. The emissions plot indicates a 
substantially steeper response for refineries: for low-carbon hydrogen 
(CO₂ factor < 30–40 kgCO₂/MWh) and high blending levels (> 80%), 
refineries achieve CO₂ reductions close to − 70%, while glass 
manufacturing typically reaches between − 40% and − 50%. When 
hydrogen with unfavourable emission factors (> 250 kgCO₂/MWh) is 
used, the refinery surface crosses rapidly into positive region, generating 
penalties above +40% at full substitution, whereas the glass sector 
generally remains within a + 10% to +25% range. This contrast reflects 
the markedly different CO2H/CO2TOT ratios of the two sectors: in re
fineries, fuel-related emissions dominate the total footprint, so altering 
the fuel mix produces a proportionally larger effect.

The cost comparison exhibits a similar disparity. At low hydrogen 
prices (< 50 €/MWh), both sectors remain close to their reference 
condition for blending ratios up to approximately 40–50%, with ΔCost/ 
REF remaining below +10%. As hydrogen costs rise toward 150–200 
€/MWh, refinery costs increase sharply, surpassing +100% at full 
blending, while the glass sector typically experiences more moderate 
increases in the +40% to +60% range. This behaviour confirms that 
refinery economics are significantly more sensitive to both hydrogen 

price and blending extent due to the higher share of thermal fuel in their 
operational expenditure. Overall, the two surfaces demonstrate that 
identical hydrogen pathways and blending strategies yield markedly 
different normalised impacts across HTA segments. Refineries present a 
high leverage for decarbonisation capable of deep emission cuts when 
low-carbon, low-cost hydrogen is available, but also show the largest 
sensitivity to high hydrogen prices or carbon intensities. The Glass 
sector, by contrast, shows a more moderate and more resilient response.

The comparative analysis of CO₂ emissions across the five HTA sec
tors highlights the substantial variability in both baseline emissions and 
the decarbonisation potential achievable through full fuel switching to 
hydrogen, to summarize the results, looking at Figs. 15 and 16, it can be 
observed that when hydrogen is supplied via low-carbon electrolysis 
powered by nuclear energy, all sectors experience marked reductions in 
total CO₂ emissions, with refinery operations achieving the most pro
nounced decline (− 68%), followed by paper (− 59%), ceramic (− 42%), 
glass (− 26%) and steel manufacturing (− 16%). Conversely, when 
hydrogen is produced through carbon-intensive gasification, full sub
stitution of natural gas leads to significant emission penalties in every 
sector, with increases exceeding +90% for paper and refinery and 
ranging from +25% to +66% in the remaining sectors. These results 
emphasise that the effectiveness of hydrogen as a decarbonisation vector 
is strongly contingent on its upstream carbon intensity, and they further 
demonstrate that sector-specific characteristics, including baseline 
thermal demand and process efficiency, critically influence the magni
tude of achievable emission reductions.

These findings highlight the necessity of sector-specific policies, 
pricing mechanisms and hydrogen procurement strategies rather than 
uniform measures across the HTA domain. The obtained results are 
aligned with studies found in the most up to date SoA [43,73], high
lighting how the proposed methodology for exploring the H2 blending 
solutions is sounded.

6. Conclusion

The decarbonisation of Hard-to-Abate (HTA) sectors is essential for 
meeting 2050 climate targets, especially where deep process retrofits 
remain at low TRL and high cost. In this context, fuel diversification and 
the progressive integration of hydrogen into energy-intensive industries 
such as Glass, Iron & Steel, Paper and Refinery offer a near- to medium- 
term pathway to reduce the carbon intensity of existing assets without 
structural changes to core processes. To assess the viability of this 
transition, the authors proposed a methodological approach based on 
matching HTA sector demands (e.g. electricity, heat) together with 

Fig. 14. H2 blending glass vs refinery – normalized emission reduction (left) and costs (right).
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multi-energy system generating technologies (e.g. CHP, furnace and, 
boilers), fed by hydrogen.

On the demand side, an Energy Consumption Model and a dedicated 
HTA database quantify specific heat and electricity consumption per 
unit of output and the associated specific CO₂ emissions. On the supply 
side, an Energy Supply Model incorporates a broad portfolio of hydrogen 
production routes from coal gasification and SMR to green electrolysis 
and biomass-based options each characterised by levelized cost of 
hydrogen (LCOH), specific CO₂ emissions, TRL and synthetic KPIs. This 
dual-database and fuel-mix optimisation approach fills a gap in the 
existing literature, which typically addresses individual technologies or 

single sectors, by providing a general and customisable framework that 
links hydrogen technology choices to sector-resolved decarbonisation 
potential and cost impacts.

The proposed methodology is then used when simulating case 
studies. Indeed, the authors focuses on heat decarbonisation via H₂–CH₄ 
blending in fuel boilers, delivering a ready-to-be-used approach for 
understanding blending potential through “maps” that express CO₂ 
reduction and cost variation as a function of hydrogen emission factor 
and blending ratio. For example, imposing a 20% reduction target 
relative to the reference case requires about 70% blending when using 
blue hydrogen with an emission factor of 80 kgCO₂/MWh, whereas only 

Fig. 15. 100% H2 blending in all HTA sectors vs reference 0% H2 blending (best vs worst case).

Fig. 16. 100% H2 blending in all HTA sectors - best vs worst case.
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50% is needed with near-zero-carbon green hydrogen. Under a CH₄ price 
of 70 €/MWh and a CO₂ tax of 100 €/ton, green hydrogen remains more 
expensive than the baseline, while blue hydrogen yields a modest OPEX 
reduction of roughly 2 €/MWh. When these results are projected onto 
different HTA sectors, refineries, characterised by a CO₂H/CO₂E ratio of 
about 2.2, can reach Scope 1 CO₂ reductions close to 70%, whereas Iron 
& Steel Manufacturing, with a lower thermal share, exhibits a maximum 
reduction potential of around 15%. The cross-sector comparison further 
shows that low-carbon hydrogen (e.g. nuclear-powered electrolysis) can 
deliver also Scope 1 CO₂ reductions of − 59% for Paper, − 42% for 
Ceramic, − 26% for Glass, while hydrogen from gasification can increase 
emissions by more than +90% in some sectors. These findings highlight 
both the decisive role of upstream hydrogen carbon intensity and the 
importance of sector-specific energy structures and that including 
baseline thermal demand and process efficiency, critically influence the 
magnitude of achievable emission reductions.

The present work intentionally focuses on heat supplied by gas/H₂ 
boilers and does not yet include CHP, heat pumps or electric boilers, as a 
rigorous simulation of combined generation of heat and electricity 
would require additional detail on temperature levels, mass flow rates 
and process integration constraints.

The primary aim of the paper is to highlight and present a well- 
structured, generalisable methodology for addressing HTA sector 
decarbonisation. Following the same approach, it will be possible to 
investigate alternative scenarios, not only in terms of technological 
configuration, by subsequently integrating electricity decarbonisation 
options such as CHP, electric boilers, heat pumps and low-carbon power 
mixes, but also in terms of policy design, including incentivisation 
mechanisms, differentiated CO₂ prices and the explicit trading mecha
nism of CO₂ credits. In this perspective, the proposed methodology and 
databases built up by the authors provide a robust and transparent 
decision-support tool to design sector-specific hydrogen deployment 
strategies and multi-energy system configurations that are both techni
cally viable and aligned with Paris-compatible transition pathways.

Nomenclature

ABCH Absorption Chiller
BO Boiler
C Cold Energy
CCGT Combined Cycle Gas Turbine
CP Cooling Power
Cp Capacity Production
CHP Combined Heat & Power
COP Coefficient of Performance
DB Database
E Electricity
fCO2 CO2 Specific Emission Factor
F Fuel
GT Gas Turbine
H Heat
HT High Temperature
HTA Hard to Abate
HP Heat Pump
ICE Internal Combustion Engine
LCOH Levelized Cost of Hydrogen
LHV Low Heating Value
LT Low Temperature
m mass flow rate
MT Medium Temperature
j, k, N Cardinal Number
P Power
PM Molecular Weigh
PP Power Plant
Q Heat Power
RES Renewable Energy Source

RO Reverse Osmosis
SSBT Steam Cycle Back-Pressure Turbine
SSCT Steam Cycle Condensing Turbine
T Temperature
t time
VCCH Vapour Compression Chiller
W Water

Greek symbols

η efficiency
∊ specific cost

Sup/subscripts

+/− Imported/Exported
0 Specific CAPEX
BL Blend
D Demand
G Grid
J j-th element
R Reference
S Supply
SC Specific Consumption
TOT Total
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