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Abstract: Hydrogen is expected to be critical in decarbonizing energy-intensive industries, including the
glass sector. Replacing natural gas with hydrogen as a combustion fuel in the melting process offers
significant environmental advantages by eliminating direct CO- emissions. However, hydrogen adoption
faces challenges, including the lack of hydrogen-related infrastructure in glass manufacturing plants. This
paper introduces an approach for modeling the hydrogen supply to the glass melting furnace to help glass
manufacturers evaluate the economic and environmental impacts and the required infrastructure for this
transition. The study explores on-site hydrogen production via water electrolysis and external hydrogen
supply by trucks and demonstrates its application through a case study. The model relies solely on long-
term aggregated data, making it easily applicable and modifiable. While hydrogen integration reduces direct
CO; emissions, results show that its overall impact depends on its production method. Additionally, policy

incentives and electricity sources strongly influence its economic viability.
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1. INTRODUCTION

Achieving the European Union's net-zero emissions target by
2050 requires substantial decarbonization in energy-intensive
industries, such as steel, glass, and aluminum, contributing
around 30% of global greenhouse gas emissions (IEA, 2023).
The glass industry alone generated 18 Mt of CO: emissions in
Europe in 2020 (EEA, 2020), underscoring the need for
effective decarbonization strategies. These elevated emissions
primarily result from the industry's reliance on high-
temperature processes, such as the glass melting process. As
technological advancements to improve energy efficiency
have matured, switching to a clean fuel like hydrogen for the
combustion process has emerged as the most impactful
strategy for decarbonization (Collina et al., 2023). Given the
sector's reliance on long-term strategic investments, today's
decisions are critical to achieving future decarbonization goals
(Zier et al., 2023). Therefore, addressing the challenges
associated with hydrogen adoption has become an urgent
priority, with the H2GLASS initiative actively working to
demonstrate its feasibility (H2GLASS, 2023).

One challenge in transitioning to hydrogen is ensuring a
continuous and sufficient fuel flow to meet energy
requirements. This is essential for maintaining stable
combustion conditions and preventing adverse impacts on
heating efficiency and glass quality (Fachini et al., 2017). The
current reliance on natural gas and the lack of hydrogen
infrastructure in manufacturing plants present a significant
barrier to hydrogen adoption (Diesing et al., 2025). This
underscores the need for a tool to help glass manufacturers
estimate the hydrogen flow and infrastructure capacity
required for this transition.

Moreover, hydrogen's lower volumetric energy content than
natural gas poses economic feasibility concerns, particularly
for hydrogen produced through low-carbon methods (Del Rio

et al., 2022). This highlights the importance of assessing the
economic implications of such a shift.

Another major challenge is the environmental impact.
Hydrogen combustion itself produces no direct CO: emissions,
but transitioning to hydrogen can still result in significant
indirect CO: emissions, depending on the production method.
Green hydrogen, produced via water electrolysis powered by
renewable energy sources, is the most sustainable option. The
effectiveness of yellow hydrogen, produced via water
electrolysis using electricity from the grid, is highly dependent
on the specific context. Grey hydrogen, the most affordable
and commercially available option, is associated with high
indirect CO2 emissions due to its fossil fuels-based production
(Ustolin et al., 2022). This emphasizes the need for a thorough
assessment of hydrogen's environmental impact.

To help overcome these challenges, this paper presents a
mathematical model to evaluate the economic and
environmental impacts of hydrogen adoption in glass
manufacturing. Building on existing models in the literature,
the proposed model also estimates the required hydrogen flow
and infrastructure capacity, providing valuable insights to
support glass manufacturers in making informed investment
decisions. The model only uses aggregated data, making it
straightforward to apply, and can be extended to incorporate
other considerations, such as safety. The model is applied to a
case study, and a scenario analysis is conducted by varying the
electricity source and the type of hydrogen externally supplied.
The structure of this paper is as follows: Section 2 reviews
relevant literature and highlights this study's contributions.
Section 3 describes the system and case study under
investigation. Section 4 outlines the mathematical model for
system components' behavior, as well as related costs and CO-
emissions. Section 5 presents and discusses the results, and
Section 6 concludes with key findings, limitations, and future
research directions.
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2. RELEVANT LITERATURE

While hydrogen is a promising solution for decarbonizing the
glass industry (Zier et al., 2021; Del Rio et al., 2022), related
quantitative studies remain limited, addressing diverse aspects
and employing different methodologies.

For instance, Gértner et al. (2021) analyzed the economic and
environmental impacts of hydrogen use in oxyfuel glass
melting, simulating hydrogen production via water electrolysis
powered by solar and wind. Through Life Cycle Assessment,
Wulf and Zapp (2022) evaluated the environmental impact of
different alternatives for introducing hydrogen in the glass
sector. Zier et al. (2023) employed a bottom-up modeling
approach with the same objective. Meanwhile, Collina et al.
(2024) analyzed the hydrogen introduction in glass
manufacturing with a safety perspective, highlighting the
benefits of applying a risk-based maintenance approach.
Lastly, Fragapane et al. (2024) performed a cost analysis of
hydrogen implementation in glass manufacturing.

Beyond the glass sector, several studies have assessed the
economic and environmental impacts of hydrogen integration.
The common approach involves modeling hourly operations
over a year, serving as a reference for the system's lifetime.
Among these studies, Marocco et al. (2023) evaluated the
introduction of hydrogen as fuel in the steel industry, produced
through grid-powered electrolysis. Superchi et al. (2023)
investigated using hydrogen, produced through wind-powered
electrolysis, as a reducing agent in steelmaking. Trapani et al.
(2023) focus on the semiconductor industry, considering
hydrogen produced by leveraging solar and including an
external hydrogen supply modeled as continuous. Sousa et al.
(2024) explored hydrogen production via solar and wind
sources to decarbonize the ceramics sector.

All the works cited above use highly granular data, which is
often a combination of real and simulated data due to the
limited availability of real data. They also need long
computational times due to the large number of (hourly)
variables involved. However, hydrogen integration and
investment in hydrogen-related infrastructure are strategic
decisions (Ackoff, 2020). In most practical applications,
aggregated data offers sufficient insights for reliable long-term
decisions and is usually more readily available.

This paper offers a strategic planning model that only uses
aggregated data and is, as a result, easy to implement and
modify. This aggregate approach also enables novel model
enhancements not present in the existing literature, such as a
queueing approach for truck delivery frequency.

Additionally, to the best of our knowledge, hydroelectric
power has not been considered in quantitative studies of
hydrogen adoption despite being the most used renewable for
electricity generation in Europe (IEA, 2022). Providing a
steady power source (Cooper et al., 2022), it is particularly
well-suited for application in the glass sector, where the
continuous hydrogen supply is critical. Hence, the proposed
model considers hydropower as an alternative energy source.

3. SYSTEM DESCRIPTION

Figure 1 shows a schematic representation of the system
investigated, primarily based on the conceptual design
developed for an experimental setup within the H2GLASS
project (H2GLASS, 2023).

Figure 1. Schematic representation of the system

Experts' input has been essential to validate the main
components, their functions, and the flows within the system.
The system includes an electrolyzer (EL), powered either by
the electrical grid (GR) or hydropower (HP), trucks delivering
hydrogen (TR), a hydrogen storage tank (ST), and a glass
melting furnace where the combustion process occurs (FR),
currently using only natural gas (NG). The case study focuses
on a glass company in France that currently meets its
electricity needs with green energy from a nearby
hydroelectric dam. The access to hydropower has been an
additional key driver in selecting this source as the primary
renewable explored in this study. As an alternative, the French
electrical grid is a relatively low-carbon option, comprising
nuclear energy (64%), hydropower (12%), wind (10%), and
natural gas (6%) (IEA, 2023). Since the glass sector is part of
the European Emission Trading System (EU ETS), penalties
for direct emissions are included in the model. No additional
carbon taxes are considered, as companies covered by the EU
ETS are generally exempt from France carbon tax.

4. MATHEMATICAL MODEL
4.1 Notation

Table 1 provides an overview of the model notation, detailing
decision variables, parameters (including the values used,
rounded to two decimal places), and outputs.

Table 1. Model notation

Not. | Description | Unit | Value
Decision Variables
Py Rated power EL MW -
%H, Minimum H, percentage - -
A Arrival rate TR truck/h -
Ver Volume ST m3 -
Parameters
NGp Avg. hourly NG demand Nm?/h Conf.
LHVy; | Lower heating value NG kWh/Nm?® | 10.17
LHVy, | Lower heating value H» KWh/Nm® | 2.99
T Hours in a year h/year 8760
NEL Nominal efficiency EL - 0.55
Crg H; capacity TR Nm?/truck | 4000
u Unloading time TR h 1
np Maximum receiving docks | - 5
LBC¢r | Minimum filling % ST - 0.20
P, Atmospheric pressure bar 1
Pgr Target pressure ST bar 50
Cng Cost NG €/Nm? 0.52
Cco, CO; allowance price €/kg 0.08
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Cor Electricity cost GR €/kWh 0.13
Cyp Electricity cost HP €/kWh 0.06
1 Cost coefficient 1 EL $/kW 1047
Cy Cost coefficient 2 EL $/kW -3.48
3 Cost coefficient 3 EL $/kW 2062
Cy Cost coefficient 4 EL $/kW -0.26
€ Exchange rate €/$ 0.90
Cw Water consumption cost €/Nm’ 0.01
Csr Stack replacement % cost | - 0.40
lg Stack lifetime year 10
CoaM O&M % cost - 0.02
c Labor cost TR unloading €/truck*h | 42
c Cost H; delivered (grey) €/Nm® 0.18
H2 Cost H, delivered (green) | €/Nm’® 0.72
CrRr Investment cost TR k€/truck 100
Cst Unitary investment cost ST | €/m’ 2245
MM, | Molar mass CO; g/mol 44.01
MM_y, | Molar mass methane (CH4) | g/mol 16.04
Pcn, Density CHy4 kg/Nm? 0.72
Pn, Density H, kg/Nm? 0.09
EGR Emission factor GR kg/kWh 0.06
Eyp Emission factor HP kg/kWh 0.02
¢ Emission factor H, (grey) | kg/Nm® 0.85
Hz Emission factor H, (green) | kg/Nm® 0.10
ETR Emission factor TR g/kmNm® | 0.19
Drg Delivery distance TR km 220
d Discount rate /year 0.04
N System lifetime year 20
Outputs
Hy,p Avg. hourly H, consumed | Nm’/h -
NGrpg Avg. hourly NG consumed | Nm’/h -
Hyp, Avg. hourly H, produced | Nm’/h -
Hy ., p Avg. hourly H, delivered | Nm’/h -
Pgr GR electricity consumed MWh -
Pyp HP electricity consumed MWh -
B Maximum TR unloading truck -
Cor Required capacity ST Nm’® -
ICg, Investment cost EL € -
ICrg Investment cost TR € -
ICsr Investment cost ST € -
0Cyg Annual cost NG €/year -
0Cp Annual cost electricity €/year -
0Cg, Annual cost EL €/year -
0Crg Annual cost TR €/year -
Co, Annual CO; emissions kg/year -
CO,, Annual CO; electricity kg/year -
COy,p | Annual CO; TR kg/year -
CO, . | Annual CO; NG kg/year -
% €05, | CO2 % variation - -

4.2 System components modeling

Equations (1) and (2) demonstrate the system’s flow balance.

Pp, = Pgr + Pup

HZFR = HZEL + HZTR

ey
(2)

Given the current average consumption of natural gas and the
minimum required percentage of hydrogen in the fuel mix, (3)
establishes the required hydrogen supply to the furnace, which
considers the different lower heating values (LHV) of the
fuels. Consequently, (4) estimates the amount of natural gas
still required for the combustion process.

LHVy

Hypg = %H, * NGy % 1 3)
Hz
LHV,,
NGFRZNGD_ HZFR*LHV (4’)
NG

Hydrogen can be produced on-site through a Proton Exchange
Membrane (PEM) electrolyzer. Equation (5) calculates the
average hourly hydrogen production assuming nominal
capacity and efficiency.

PEL * 1000 * NEL

H, =
2EL LHVHZ (5)

Additionally, compressed hydrogen can be supplied externally
via trucks. Based on a specified truck arrival rate, calculated
as an integer number of trucks per week, (6) represents the
average hourly hydrogen delivered.

Hypp = A Crg (6)

To ensure that the number of trucks unloading hydrogen
simultaneously does not exceed the facility's maximum
receiving docks (with 99% probability), constraints (7) and (8)
are imposed on the arrival rate, derived directly from the
Poisson distribution:

B b 4 p—Au
1- (Z MTB> <0.01 %)
b=0

B < Nnp (8)

When relying on the external supply, a storage tank must
accommodate the hydrogen exceeding the furnace’s
immediate requirements. Equation (9) estimates the tank
capacity, which is sized to cover the difference between the
maximum unloading rate (based on the highest number of
trucks unloading) and the maximum hydrogen demand rate
(when the electrolyzer is inactive). A minimum filling
percentage is considered.

C
o, (B ) e ;
ST (1 — LBCgp) ©)

Based on the target storage pressure, constraint (10) is applied
to determine the required tank volume, considered an integer
value, to meet the necessary storage capacity.

(10)

4.3 CO; emissions modeling

As hydrogen is introduced into the glass manufacturing
process to reduce CO: emissions, evaluating the
environmental impact of various design solutions is essential.
Equations (11) — (14) estimate the CO, emissions associated
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with natural gas combustion, electricity consumption, and

truck deliveries (including indirect emissions from

transportation and hydrogen production methods).

COZ = COZNG + COZP + COZTR (11)

€Oy = NGpg Mcor , () 12
2NG T FR MMy, PcH, (12)

C02p=(sGR *PGR +£HP *PHP)*IOOO*T (13)

TR
COypp = (£H2 * Hyrg + 7505 %A% Crg » DTR) «T  (14)

The reduction in CO: emissions is assessed against the current
scenario, where only natural gas is used for combustion. In this
baseline scenario, (11) includes only €05, as both €O, , and
CO, ., are zero, reflecting that the current scenario neither
requires electricity to power an electrolyzer nor involves
external hydrogen deliveries. Additionally, in (12), NGgg
coincides with the current average hourly natural gas demand
NGp, as no hydrogen is utilized.

4.4 Components cost modeling

Equation (15) estimates the annual operating cost of natural
gas, which includes CO; allowance prices.

OCNG = NGFR * CNG *T + COZNG * CCOZ (15)
Both investment and operating costs must be estimated for the
electrolyzer. The investment cost is assumed to depend on its
rated power, following the exponential function shown in (16),
which has been adopted by Astriani et al. (2024).

ICg, = Pgp %1000 = € x (¢; + ¢ * Py, + c5 * e4*FEL)  (16)

Equation (18) estimates the electrolyzer's operating cost,
including electricity costs, further detailed in (17), water
consumption costs, stack replacement expenses and operation
and maintenance (O&M) costs.

OCP = (CGR*PGR +CHP*PHP)*1000*T (17)

+ CO&M) *ICg,  (18)

CST

OCEL=0CP+H2EL*CW*T+<Z
S

Similarly, investment and operating costs are considered for
external hydrogen supply and calculated using (19) and (20).
The investment cost covers the infrastructure required to
receive hydrogen (piping, high-pressure hose, pressure
reduction station, safety equipment, etc.) and depends on the
number of trucks that need to be accommodated for
simultaneous unloading. The operating costs for external
hydrogen supply include the cost of delivered hydrogen
(depending on its type), labor costs for unloading activities,
and a fixed percentage for O&M.

(19)
(20)

ICTR = B * CTR
OCTR = (CH2 *HZTR + CL *A*u) *T+ CO&M *ICTR

The same cost components are evaluated for the storage tank
and represented by (21) and (22). The investment cost is
assumed to be a linear function of the storage requirements
(Marocco et al., 2023), while the annual operating cost of the
storage tank is estimated through a fixed percentage for O&M.

ICsr = co7 * Vsr

21
(22)

O0Csr = cogm * ICsr
4.5 Objective function

Equation (23) shows the objective function, represented by the
net present cost (NPC) of the system and expressed in €.

N
2 j=nGELTR,sT OCj

NPC =
¢ (1 +d)m

IC; +
i=EL,TR,ST n=1

(23)

The first term represents the investment costs for hydrogen-
related components, while the second accounts for the net
present operating costs for all components over the system
lifetime, discounted to present value using a discount rate.

4.6 Economic and environmental indicators

Equations (24) and (25) present the economic indicators
incorporated into the model (Marocco et al., 2023; Trapani et
al., 2023; Sousa et al., 2024).

The levelized cost of hydrogen (LCOH), expressed in €/kg, is
a particularly valuable metric for validating the model and
comparing different hydrogen supply scenarios. The levelized
cost of energy (LCOE), expressed in €/kWh, is useful for
practitioners in evaluating economic feasibility.

. 0C;
[CEL + ICTR + ICST + 211\1]:1%

n
LCOH = d+d) (24)
v Hopp*pu, *T
=1 (1 F )"
LCOE = NPC (25)
= (Hy, ¥ LHVy, + NGpg * LHVpg) * T
n=1 TR

Lastly, the percentage variation in CO; emissions against
current operations, denoted as %C0,,,, is included to measure
the environmental impact of the supply solution.

5. RESULTS AND DISCUSSION

The analysis was conducted across multiple scenarios,
considering different electricity sources, selected based on the
case study context, and types of hydrogen externally supplied.
The authors conventionally selected two common hydrogen
types, as they exhibit significant differences in economic and
environmental implications.

Notably, across all scenarios, when no constraints on hydrogen
usage are imposed, the solution with the lowest NPC is to
continue to rely exclusively on natural gas as a fuel, resulting
in an NPC of approximately 16,753 k€ and an LCOE of 0.07
€/kWh. This option requires no investment in hydrogen-
related infrastructure, but it fails to meet decarbonization
targets. To address this, different minimum required
percentages of hydrogen in the fuel mix are considered for the
rest of the analysis. Figure 2 summarizes the results.

The first scenario analyzed, Scenario A, assumes reliance on
the grid to meet the additional electricity demand due to the
electrolyzer and truck delivery of grey hydrogen (the most
common type available). In this scenario, the most
economically viable hydrogen supply solution, offering the
lowest LCOH, relies entirely on external hydrogen delivery
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Scenario A Scenario B Scenario C Scenario D
Electricity source Grid Hydropower Hydropower Grid
External H, supply Grey Grey Green Green
20 (a'l) 489 20 (b‘l) 20 (C‘l) 744 20 (d‘l) 8389
LCOH
bRl 15 499 620 15 15 748 697 1 895 915
x x x x
3 3 ] ]
s 3 8 8 8
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% 25%  50%  75%  100% 0%  25%  50%  75%  100% 0% 25%  50%  75%  100% 0%  26%  50%  75%  100%
Minimum H. percentage Minimum H. percentage Minimum H, percentage Minimum H, percentage
2 .2 2 2
@2) 62 | - ©2) @
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0 0% -11%  -22% -33% -43% o 0% -22%  -43% | -65% 0 0% -22%  -43% | -65% 0 0% -11% -22% -33% -43%
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Figure 2. Impact of minimum required H; percentage in the fuel mix and external supply on LCOH and %CO0, for different scenarios

(Figure 2a.1). However, these solutions result in CO>
emissions exceeding current levels (Figure 2a.2). This is due
to hydrogen’s significantly lower heating value, requiring
approximately three times the volume of hydrogen compared
to natural gas to deliver the same energy, offsetting its lower
emissions per unit of fuel. On the other hand, a maximum
achievable CO, emissions reduction of 43% can be obtained
by fully switching to hydrogen as fuel and producing it entirely
on-site. However, this approach is not economically favorable,
given its associated LCOE of 0.29 €/kWh, over four times the
current fuel cost. Consequently, Scenario A is unsuitable from
either an economic or environmental perspective. Producing
hydrogen using lower emission methods is essential to serve
as a more effective solution in glass manufacturing
decarbonization. Addressing the additional electricity demand
by utilizing hydropower would yield better results. In this
scenario, referred to as Scenario B, the most economical
solution remains to rely on external supply (Figure 2b.1).
However, fully producing hydrogen on-site using hydropower
sees a decrease in LCOH from 9.67 €/kg to 5.35 €/kg
compared to the grid (Figures 2a.1 and 2b.1). This approach is
also linked to significant CO: percentage reduction (Figure
2b.2), achieving a maximum reduction of 84% when all
hydrogen is produced on-site. However, the fuel cost remains
substantially higher than in the current natural gas-based
scenario. For complete hydrogen adoption and on-site
production, which is associated with the highest
decarbonization outcome, the LCOE can reach up to 0.16
€/kWh. This is more than twice as high as the current scenario
but significantly lower than the respective case in Scenario A.
Considering the growing number of electrolysis projects (IEA,
2024), scenarios where green hydrogen can be outsourced are
also evaluated. Scenario C continues to assume the use of
hydropower to power the electrolyzer paired with sourcing
green hydrogen by truck. In this scenario, the preferred
solution from an economic perspective, particularly at higher
hydrogen percentages, shifts to on-site production (Figure
2c.1). This shift is driven by the decreasing cost of hydrogen
production, attributed to economies of scale in the electrolyzer
capacity investments and the relatively low cost of

hydropower compared to other renewable energy sources used
for green hydrogen production. In this scenario, outsourcing
part of hydrogen production has no significant impact on CO-
emissions, apart from a small share likely associated with
transportation (Figure 2c.2). The associated LCOE for a
complete transition with on-site production remains the same
as in Scenario B (0.16 €/kWh), as only hydrogen is utilized,
and the entire electricity demand is met through hydropower.

The final scenario, Scenario D, extends the analysis to cases
where hydropower is unavailable, necessitating the
electrolyzer to be powered by the electrical grid. Under these
conditions, hydrogen supply generally becomes the most
expensive option, though outsourcing production achieves a
slightly lower LCOH (Figure 2d.1). Moreover, outsourcing
results in higher CO: reduction percentages (Figure 2d.2).
LCOE for the reference case is the same as in Scenario A (0.29
€/kWh) due to the same electricity source.

6. CONCLUSIONS

This paper presented a model for hydrogen supply in the glass
manufacturing sector, considering both economic and
environmental considerations. In all analyzed scenarios, the
most economical solution remains to rely on natural gas, which
fails to meet decarbonization requirements. When hydropower
availability is restricted to current demand levels, the
introduction of hydrogen either does not yield significant
improvements or is not economically favorable. Achieving
substantial decarbonization of the glass sector (up to 84%
reduction in CO: emissions) requires the electrolyzer to be
powered by green electricity. Due to the economic benefits of
hydropower over other renewable sources and the economies
of scale associated with electrolyzer capacity, relying on
external green hydrogen supply becomes less favorable.
Nonetheless, incentivizing the adoption of hydrogen remains
crucial to encourage its integration into the sector. The model
presented serves as a practical tool for glass manufacturers to
preliminary assess the financial and environmental impacts of
incorporating hydrogen into their production processes,
including the necessary infrastructure investments. While
relying on aggregated data may result in less detailed analysis
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and potentially suboptimal solutions, it allows easy application
and understanding, including the possibility of quickly testing
many scenarios. Additionally, the modeling approach is well-
suited for easily integrating safety evaluations, which are
critical given the hazardous properties of hydrogen (Collina et
al., 2023). Ensuring a reliable hydrogen supply by mitigating
the risks of adverse events is essential for safe and sustainable
operations. Future studies will focus on integrating safety
considerations into the design of hydrogen supply systems and
extending the model to other renewable energy sources.
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