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Abstract

Equipment redesign is needed to decarbonise energy-intensive industries, such as the glass and aluminium industries. In this
context, hydrogen is proposed as fuel instead of natural gas for high-temperature heat supply. This paper presents an optimisation-
based methodology to size different microgrid elements including electrolyser, compressor, hydrogen tank, and burner, alongside
photovoltaic (PV) power and battery energy storage. Therefore, it aims to minimise the total costs of the system based on its
operation, considering active and flexible management of generation, and costs for CO, emissions. Moreover, the penetration of
renewables, hydrogen fraction and CO, emissions can be delimited. This methodology is used to analyse the role of hydrogen

introduction in an industrial case study.

1 Introduction

Decarbonisation of energy-intensive industries is challenging
due to their capital intensity, cost-competitiveness, and sensi-
tivity to product quality [1]. Over 85 % of industrial heat is
used by the iron and steel, chemical, and cement industries,
where 95 % is based on fossil fuels nowadays [2]. In high-
temperature applications, electricity can be utilised, however,
industry prefers other solutions that involve minimal equipment
redesign, such as hydrogen [2].

In general, the lack of optimum design can lead to power sys-
tems that are oversized or not properly planned, i.e. with higher
costs. In this case, the challenge lies in matching the hydro-
gen production with the load, and with a combined supply
of grid power and Renewable Energy Sources (RES). Energy
storage can also be introduced to address the fluctuating and
unpredictable nature of RES.

Power-to-Hydrogen (PtH) systems planning has been widely
studied in the literature. Table 1 shows the different elements
optimised in the literature. In [3], a comprehensive set of tech-
nical and economic indicators is established to analyse PtH sys-
tems, although a constant hydrogen load is supposed. Ref. [4]
compares the use of hydrogen versus natural gas to supply pro-
cess heat demand of a steel industry. Also, a hydrogen demand
from a semiconductor industry is studied in [5] and other Euro-
pean sites are also analysed in [6], with the particularity that the
method is rule-based. These works perform an optimal sizing
of grid-connected systems, and even when renewable genera-
tion surplus is sold to the grid [3, 5], the renewable PtH system
does not represent the most cost-competitive solution. Another
approach is to consider the hydrogen for long-term storage in
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islanded systems with electric loads [7-9]. Also, both proton
exchange membrane (PEM) and alkaline electrolysers can be
considered, such as [8]. Ref. [9] additionally considers battery
energy storage system (BESS) and electrolyser degradation
cost, as well as demand response which reduces the cost of the
system.

The analysis of the literature has revealed a gap in the PtH
sizing when natural gas and renewable hydrogen are compared.
Moreover, CO, emissions are usually not considered a decisive
indicator in the optimisation of grid-connected systems, even
if they are quantified for analysis or with a cost. Also, existing
literature focuses on a single energy load but the combination
of electrical and thermal demand is not studied.

In this context, this paper proposes an optimisation-based
methodology to size the PtH system by minimising the total
cost based on its operation and considering active and flexi-
ble generation management. The model considers a hydrogen
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Fig. 1. System model diagram

circuit connecting a PEM electrolyser, a storage system com-
posed of compressor and tank, and a burner. The electrolyser
is powered by the electrical grid, the photovoltaic (PV) gen-
eration and BESS. Also, both electrical and thermal loads are
considered, and H, bottle tank as backup is studied. Moreover,
the thermal load is supplied through a burner that can combine
hydrogen with natural gas supply. Additionally, the contracted
electrical power can also be optimised. The methodology is val-
idated in a glass industry case study which focuses on the role
of hydrogen in high-temperature heat supply decarbonisation.
In this paper, natural gas and renewable hydrogen compete to
fuel the furnace, and CO, emissions are presented as the main
determinant for favouring one over the other.

2 Modelling of the system components

The microgrid system to design is composed of an electrical
and hydrogen grids, its layout is shown in Fig. 1. The electri-
cal side foresees the combination of PV source, grid supply,
BESS, and an electric load representing the industry consump-
tion. The mix of electricity supplies a PEM electrolyser, where
the hydrogen flow produced is split in order to feed the in paral-
lel the furnace and the storage unit, composed of hydrogen tank
and compressor. The heating system of the furnace is supposed
as burner, which is used traditionally with natural gas but can
also be fuelled with hydrogen from the electrolyser and storage
and from a hydrogen bottled supply.

2.1 Photovoltaic system

The PV is modelled in a steady-state generator with variables
related to its operation and sizing. Therefore, including active
power generated (Ppy,,), defined for each hour ¢ of the year,
and the nominal power installed (to add) (FPf). All these
variables are expressed in [kW].

A single PV subsystem is supposed to have the same tech-
nical and economic characteristics of the PV module and

resource forecast. Different characteristics of PV modules and
forecasts can be considered by adding several PV subsystems.
This approach is also applied to the other system assets.

The PV system considers a constraint related to curtailment.
The power provided by each PV subsystem is positive and lim-
ited by the installed capacity and the maximum availability
of the resource (forecast). Then, the active power generation
limits are expressed as:

Py, < (Ppy + Phyo) - Fpv vt e [1,T] (D
where Fpy, is the PV forecast for a specific location for each
hour ¢ in [pu], P}, is the existent nominal power of the PV in

the system in [kW], and 7" is the optimisation time horizon.

2.2 Electrolyser, Compressor, Burner

The electrolyser, compressor and burner are modelled in
steady-state with variables related to their operation and siz-
ing. Operation variables are defined for each hour ¢ of the year
and expressed in [kW]. They include the electrical power input
of the electrolyser and compressor (Pg,_in: and Pop_in 1),
hydrogen thermal power output of the electrolyser (Prr,—out,t),
thermal power flow through the compressor (Pcp_out,¢), ther-
mal power input and output of the burner (Pp_;,. and
Pg_,ut,1). On the other hand, the sizing variables include nomi-
nal electrical power of the electrolyser and compressor (to add)
(Pg; and PZp), nominal thermal power input of the burner
(to add) (Pg), number of electrolysers, compressors and burn-
ers (to add) (kgp, kcpand kg). Where the nominal powers are
expressed in [kW].

The electrolyser, compressor and burner constraints,
expressed as element j € { EL, C'P, B}, are related to:

+ Sizing in element units. The nominal power of the subsys-
tem can be expressed as:
Pl ==k, P}, )
where P} is the nominal power of a single j element unit.



+ Performance. The electrolyser efficiency which relates elec-
trical input and hydrogen output is supposed constant.
Therefore, power output is expressed as:

ijout,t =" Pj*in,t vt € [17T] (3)
where ), is the efficiency of the j element. The compres-
sor hydrogen power input and output of the compressor are
supposed the same, and the compressor efficiency relates
electrical consumption and hydrogen flow. In this case,

efficiency is expressed as:
LHVy,

Nep =

“
Tcp

where 7 p is the specific consumption of the compressor in
[kWh/kg H,], and LHVy, is the low heating value (LHV)
of hydrogen in [kWh/kg H,].

+ Maximum and minimum operating power. The minimum
operating power of a subsystem corresponds to the min-
imum operating power based on the power of a single j
element unit. Maximum operating power considers the total
installed capacity of the subsystem. Additionally, a binary
variable (\;.) is introduced to indicate if the subsystem
is on (1) or off (0). Therefore, the power limits can be
expressed as:

Pj—in,t 2 F)]a : F)j—min : >\j,t Vt S [lyT] (5)

Piins <(P] + Pjy) Pjomaz - Nje VEE[LT] (6)

where Pj, is the existent nominal power of the j element
in the system in [kW], P;_,.;, and P;_,,,, are the mini-
mum and maximum operating power of the j element in
[pu]. Instead Eq. (6), a linealised version is used with the
following expressions:

‘ijin,t S (‘PJT + P;o) : ij'maz vt € [17T] (7)
F)j—in,t S )‘j,t N M Vt S [17T] (8)

where M is a sufficiently large value to not limit the
operating power if the system is on.

2.3 Energy storage systems

Li-ion batteries as well as hydrogen tanks and bottles are con-
sidered energy storage technologies. Their steady-state mod-
elling is analogous with variables related to their operation and
sizing, therefore element j € {BS, HS, HB} is used in this
section. Operation variables of each storage j are defined for
each hour ¢ of the year and include the charging and discharg-
ing power (P;_.par: and P;_g;scn,:), and the energy stored
(E;,+).- The sizing variables of each storage j include the max-
imum charging and discharging power (to add) (P}), energy
storage capacity (to add) (£7), and number of storage units (to
add) (k;). Additionally, a variable related to the battery usage
cost (C\se, ps) is considered. All power variables are expressed
in [kW], energy variables in [kWh], and the cost in [€/year].
The storage constraints are related to:

+ Sizing. Energy storage capacity and maximum power
exchange must be proportional to those of one storage unit:

Pr=k;- P, ©)
Bl =k, E}, (10)

where P is the maximum charging and discharging power
of one unit of j element in [kW], E7, is the energy storage
capacity of one unit of 5 element in [kWh].

Charging and discharging power limits of the battery are
expressed as:

PBS—char,t < PES + PESO Vt € [17T} (11)

Pps_gisent < Ppg+ Pps Vit € [1,T] (12)

where P, is the existent maximum charging and dis-
charging power of the battery in [kW].
Energy stored limits, which are expressed as:

SOC; _pin - (B} + El)) < E;, Vte[1,T]  (13)
E;y < SOC; paw - (E7 + EL)  VE€[1,T]  (14)

where SOC)_,,, is the minimum state of charge of j ele-
ment in [pu], SOC; _ ., is the maximum state of charge of
J element in [pu], E7, is the existent energy storage capacity
of j element in [KWh].

Energy stored is expressed as:

B, = (chhar,t *Nj—char — PJdZSCht) - At
Nj—disch
+S0C; 1 - (1 —15) Yt e [1,T]
where 7);_cnq- 1S the charging efficiency of j element in
[pul, 1j_aiscr 18 the discharging efficiency of j element in
[pu], At is the time step in [h], supposed as At = 1h, 7; is
the energy loss ratio of the storage or self-discharge rate of
7 element in [pu].
The energy stored must be the same at the beginning and
the end of the year to ensure that the battery and hydrogen
tank have a cycling operation. Moreover, the energy stored
at the beginning of the year is unknown.

SOCBS,O == SOCBS’T (16)
SOCHS’Q == SOCHS,T (17)

The hydrogen supply through a bottle is supposed to be full
at the start of the year and be discharged with time. Also,
the hydrogen bottle can not be charged.

SOCup,o=5S0Cyg_mas - (Eup + FErpo) (18)
Pug_chary =0 Vte [1,T] (19)

15)

where Fj;p is the existent energy storage capacity of the
hydrogen bottle in [kWh].
To avoid the storage charge and discharge at the same time

the following expression is used:
T

Cuse,BS = Cuse,BS : E (PBsfchar,t + PBS*disch,t) : At

= (20)
where c,.. ps is the usage cost of the battery, supposed as
4.10~* €/kWh.

2.4 Costs modelling

The associated costs to the element j € {PV, BS, EL,CP,
HS, HB, B} are those related to CAPEX, OPEX and replace-
ment (if j element lifetime is lower than project lifetime).

CC’APEX,j = CcAPEX,j " PJ-T (21)
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where Co4ppx,; and Cg ; are the total capital and replacement
costs of j element in [€], C s, ; is the total operation and main-
tenance cost of j element in [€/year], ccaprx,; and cg ; are
the unitary capital and replacement costs of j in [€/kW], coar,;
is the unitary operation and maintenance cost of j element in
[€/kW/year], L,,; is the project lifetime in [years], L; is the j
element lifetime in [years]. The discount rate d is supposed to
be 0 for simplicity. For the storage, P;" and P}, in Egs. (21) to
(23) are replaced by £ and E7,.

2.5 Electrical grid connection

In systems connected to the main electrical network, the con-
tracted power can also be optimized since its costs can depend
significantly on the local energy management. In this sense,
the Spanish electricity market for low, medium and high volt-
age is considered for electric energy purchase, although it could
be straightforwardly adapted to other countries’ particularities.
From the Spanish regulation (BOE) specifications [10] for tar-
iffs 2.0TD, 3.0TD, 6.1TD, 6.2TD, 6.3TD and 6.4TD, the costs
associated with the energy and power terms are considered.
According to the tariff, there will be a determined number of
tariff periods whose contracted power can also be optimised.

Variables related to the electrical grid connection include
active power supplied from the grid (P, ,,4,:), defined for each
hour ¢ of the year, and contracted power (Py ), defined for each
tariff period N. Both variables are expressed in [kW]. Then,
the power supplied from the grid is expressed as:

6
Pegriae < Y (Px - Kpy.)
N=1
where Kpy, is a binary that indicates the tariff period N to
consider for each hour ¢ in [pu].

The costs associated with the grid connection include the
annual cost of the contracted power (Couer), annual cost of
electric energy supplied from the grid (C.,,:4), and annual cost
of CO, emissions (Cco,—.1), all expressed in [€/year]. Also,
the annual CO, emissions (eco,—.:), expressed in [kg CO,],
are calculated. These costs are expressed as:

Vte[1,T] (24

6
Cpower = Z PN : CPN (25)
N=1

T
Cegrid = Z Pegrid,t At - Cegrid,t (26)

t=1

T
€Ccog—el = Z FCOg—el,t : chridj -At (27)

t=1
CC’Og—el = Cco, * €coy—el (28)

where Cpy is the price for hiring power in the tariff period N
in [€/kW/year], c.4ria,: 1 the price of electric energy supply
from the grid (considering both energy and access prices) for

each hour ¢ in [€/kWh]. cco, is the price of the CO, emissions
in [€/kg CO,], and Fo,—.r,; is the CO, emission factor for
each hour ¢ in [kg CO,/kWh].

2.6 Water supply

From the hydrogen production in all electrolysers, the water
volume and its cost are calculated. Therefore, the annual cost
of tap water (C,) in [€] is expressed as:

(29)

*Cw,t

C. = ET: ZEL PEL—out,t - At . i

v P LH VH2 Nw

where 7, is the tap water treatment efficiency, and c,, , is the
price of tap water for each hour ¢ in [€/L].

2.7 Gas grid

The system can be connected to the natural gas grid to sup-
ply the thermal loads. Operational variables related to natural
gas include thermal power supplied from the natural gas grid
(Pyas,t), defined for each hour ¢ and expressed in [kW]. The
associated costs include the annual cost of the natural gas sup-
ply (C,.s) and the annual cost of CO, emissions (Cco, - gas)s
both expressed in [€/year]. Also, the annual CO, emissions
(eco,—gas), expressed in [kg CO,], are calculated. These costs
are expressed as:

T
Cgas = E Pgas,t -At- Cgas,t

(30)
t=1
T
_1 Past - At
600275115 = % : FCngga,s (31)
gas
CCOQ—QQS - eCOg—gas : CCOQ (32)

where cg.s. is the price of buying gas for each hour
t in [€/kWh], Fco,—4as 1s the CO, emission factor in
[kg CO,/kg gas], and LHV,,; is the low heating value of gas
in [kWh/kg gas].

3 Methodology

This section presents a methodology for designing microgrids.
The objective is to size the different components, as well as
define the optimum contracted power, to minimise the costs
in the project’s lifetime. System operation is also optimised
regarding generation, storage and load management.

This methodology is based on a mixed integer linear pro-
gramming (MILP) optimisation that can be expressed as
Eq. (33). Fig. 2 shows a flowchart of the methodology. Objec-
tive function and constraints are detailed in the following sub-
sections, resulting in a mixed-integer linear problem (MILP).
To balance data accuracy and resolution speed, a 1-year time
horizon with hourly data resolution is considered.

m]%n f(x) Objective function
zeR™
s.t. g(x) <0 Inequality constraints (33)
h(x)=0 Equality constraints

The methodology is applied in Python using the Pyomo
package to build the optimisation model and Gurobi as a solver.
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The algorithm considers both the elements to add and those
which are already in the system. Each element is modelled sep-
arately in a subsystem and then all subsystems are connected
together. Therefore, this modular approach enables to easily
add new elements and features.

This methodology has been specifically developed for indus-
trial application. Although it can also be applied to different
end consumers (buildings, hospitals, etc.), as well as in energy
communities, and energy hubs.

3.1 Constraints

Most of the constraints are related to the assets modelling.
Therefore, all assets of the system must be considered, and,
for each of them, the constraints correspond to the equations
presented in Section 2.

Electric and thermal loads (P,;oqq,c and Pipjoaq,:), defined
for each hour ¢ of the year, must be supplied. Then, the power
balances must be ensured, which can be expressed as:

Pegrias + Z Ppy, + Z(PBS—disch,t — Pgs_chart) =

PV BS
Z PEL*in,t + Z PCP*in,t + Peload,t Vt € [17 T}
EL CcP
(34
Z PE'Lfout,t = Z PCPfout,t + Pthcons,t Vt € [17 T]
EL CcP
(33)
vt € [1,T] (36)

E PCP—out,t = E PHS—cha'r,t
CcP HS

P cons,t + Z Prs_aiscnt + Z Pup_aisch,t
HS HB 37
+Pgus,t

== PBfin,t Vt S [1, T]

vt € [1,T] (38)

PBfout,t = Pthload,t

where Py, cons,: 15 the thermal power output from electrolysers
that goes directly to burners.

To analyse the results, some economic indicators can be
defined. In that sense, the total investment cost (C,,., [€])
and total annual costs (Cypnnua [€/year]) of the system are

expressed as:
Cinv E Ccarrx,j+ Cr,;

J
= Z CO]W,j + Cpower + Cegm'd + CCngel
j 40)
+Cw + Cgas + CC’Ozfgas + Cuse,BS
with j € {PV,BS,EL,CP,HS, B}
Additionally, the maximum amount of CO, emissions
(ecoy—maz [kg]) can be limited as:

(39)

Cannual

(41)

eCngel + eCnggas S eCOQ*'maz
3.2 Objective function

The optimisation objective is designed to size the different
assets while minimising the cost of the system through the life-
time of the project (Ciotq; [€]), including the investment and
the costs of each year. Therefore the objective function can be
expressed as:

I"‘J

Cino + Z

annual

Ctotal 1 I d

(42)

3.3 Indicators

After performing the optimisation, some indicators can be cal-
culated. The percentage of renewable electricity supply (®eren
[pu]) can be considered as:

T
Z (Peg'rid,t “Fren—ein + Z PPV,t) - At

t=1 PV

: (43)
= Qlgren * Z (Pegrid,t + Z PPV,t) : At

t=1 PV

where F..,_..: is the renewable fraction of the electric grid
for each hour ¢. And the hydrogen share (o, [pu]) can be
considered as:

quast At =(1—-ay,) ZZPB it - AL

t=1 t=1 B

Levelised cost of thermal energy (LC'OE [€/kWh]) can also
be used to compare different scenarios from the economic point

(44)
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of view. It is defined as:

LCOE = C’fbi’j“’ (45)
Lprj T
o Zt:l -Pthload,t + Peload,t
b= 1+ dy (46)
y=1

where E’ represents the actualised total load.

4 Results and discussion
4.1 Case study

The case study is based on a glass industry that consumes
85 GWh of natural gas and 25 GWh of electricity each year.
Fig. 3 shows the normalised daily profiles for the applica-
tion considered [11]. PV hourly forecast from Barcelona is
extracted using PVGIS [12], and Li-ion batteries are considered
in the electrical side of the system. A PEM electrolyser is con-
sidered for hydrogen production, which feeds the furnace and
hydrogen tank with compressor. No existent power or capacity
is considered for any element. The project lifetime is supposed
as 20 years.

The techno-economic data of the assets are given in
Tables 2 - 3 [3, 4]. The LHV of hydrogen is 120 MJ/kg. Nat-
ural gas has 48.75 MJ/kg of LHV [13] and 0.2 kg CO,/kWh
of emission factor [14]. A constant CO, emissions price of
70 €/t is supposed. Tap water has a constant price of 0.6 €/m?
[15], and its treatment efficiency is 50 % [16]. Electrical grid
power and energy access prices are obtained from the legisla-
tion for 2024 [17], while the hourly energy price, CO, emission
factor and renewable fraction are extracted from ESIOS [18]
for 2023/2024. Electrical grid tariff 6.3TD is supposed for this
application. Hourly gas price is extracted from MIBGAS [19]
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Table2 Technical parameters

3 2
R -
8a) @) [aa)
Rated power 100 kW 10 kW 500 kW
Efficiency 65 % - 98 %
Specific consumption - 4 MJ/kg H, -
Minimum power 5 % 0 0
Maximum power 100 % 100 % 100 %
2]
s ==} ==}
Rated power 100kW  100kW 10 kW
Storage capacity 100 kWh 100 kWh 10 kWh
SOC min 20 % 10 % 10 %
SOC max 100 % 100 % 100 %
Charging efficiency 95 % 100 % -
Discharging efficiency 95 % 100 % 100 %
Self-discharge rate 0.007 % 0 0

Table 3 Economic parameters

A <5 2 E2

= EE Bz 23

J o ®38 A2
PV 650 €/kW 2% - 20
Battery 306€/kWh 2% 50% 10
Electrolyser 1188€/kW 3% 30% 10
Compressor 1600 €/kW 2 % - 20
H, tank 500 €/kg 2 % - 20
Burners 63.32€/kWy, 3% - 20
H, bottle 500 €/kg 2% 50% 1

for 2023/2024, with constant value along the day and an aver-
age of 33 €/MWh. Electricity and gas price profiles are shown
in Fig. 4.

4.2 Configuration analysis

Four configurations are defined based on the elements that the
system considers:

+ Ref.: reference configuration with only the electrical grid,
gas supply and burners.

+ El.: configuration adding the PV and electrolyser

+ St.: configuration with BESS and hydrogen storage, includ-
ing compressor and tank.

* Bot.: configuration adding the hydrogen bottled supply, as
shown in Fig. 1.

The results show that the burner must be of 14.5 MW to sup-
ply the thermal load in all configurations. Renewable electricity
fraction is already 47 % in Ref. configuration, and increases



23"? Wind & Solar Integration Workshop | Helsinki, Finland | 08 —11 October 2024

100
I natural gas

I CO2 emissions
[ electric grid
I PV

[ BESS
[ electrolyser
I burner
I tank

I compressor
[ bottle

LCOE [E/MWh]

[ water grid

Ref. EL  St. Bot.

Fig. 5. Levelised cost of energy for each configuration

100 [ natural gas

80 I CO2 emissions
= [ electric grid
= I PV
= 60 [ BESS
i [ electrolyser
o 40 I burner
Q I t2nk

20 I compressor

[ Ibottle
0 [ water grid

0 25 50 75
CO2 emissions reduction [%]

100
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to 63 % in El configuration with 9.8 MW of PV. Although,
the electrolyser only appears when storage is introduced. St.
configuration has a 500 kW electrolyser, resulting in a 1.7 %
hydrogen share, and the renewable electricity fraction reaches
97 % with 18.8 MW of PV and 420.3 MWh BESS. In this
case, the PV is prioritised over the electrical grid because the
PV LCOE is around 30 €/MWh generated. And no hydro-
gen storage is obtained. When adding the hydrogen bottle,
its costs compete with the gas. Therefore the economically
optimal configuration does not have a hydrogen bottle.
The cost of each configuration is shown in Fig. 5.

4.3 CO; emissions analysis

The effect of limiting the CO, emissions is studied on St. con-
figuration. In that sense, a reduction factor is applied to the CO,
emissions of Ref. configuration.

From the start, St. configuration has 18 % less CO, emis-
sions than Ref. configuration. With decreasing emissions, the
electricity renewable fraction is kept above 97 % and the hydro-
gen share increases linearly. Also, the total system LCOE
increases linearly from 48 €/MWh at the start, to around
69 €/MWh at 85 % emissions reduction. Regarding the cost, up
to 95 % CO, emissions reduction can be achieved if the indus-
try is willing to spend as much as the Ref. configuration on the
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Fig. 7 Rated power and storage capacity of each element for
St. configuration, as a function of the CO, emissions reduction
factor

energy cost. Fig. 6 shows that the cost predominant elements
are the PV, electrolyser and natural gas.

The installed capacity of the different elements is shown in
Fig 7, where PV and electrolyser increase linearly between
20 % and 85 % CO, emissions reduction factor. Hydrogen stor-
age is introduced when the CO, emissions are imposed to be
less than 40 % of the Ref. configuration. Hydrogen tank and
compressor increase linearly between 40 % and 85 % CO,
emissions reduction. A significant difference between rated
power and storage capacity is observed in hydrogen storage,
as the compressor can reach up to 200 kW while the hydrogen
tank is in the order of tens to hundreds of MW. On the other
hand, the battery storage capacity decreases between 20 % and
35 %, as increasing the PV and electrolyser has lower costs
than increasing the battery to reach the same amount of CO,
emissions. But from 40 % to 85 % of emissions reduction, the
battery storage capacity increases linearly together with the rest
of the elements.

Finally, the size of hydrogen system elements stabilises
when trying to reach a low amount of CO, emissions. This
means that, from 85 % emissions reduction, the thermal load
could be supplied only with hydrogen, but gas supply is pre-
ferred during the operation due to its low cost compared with
electricity. With low CO, emissions, also the electricity must
come mainly from renewable sources, and the unpredictable
and variable nature of solar energy leads to oversizing of
PV and battery storage. Therefore, PV and BESS increase
exponentially from 85 % emissions reduction.

5 Conclusion

This paper analysed the role of hydrogen to decarbonise
energy-intensive industries. A methodology was presented to
size the PV, battery energy storage, electrolyser, hydrogen



storage composed of compressor and tank, and burner. The
methodology is based on an optimisation problem that includes
system operation to minimise the total costs. Technical and
economic indicators are also provided.

This methodology was validated in a case study based on a
glass industry. The effect of adding and sizing the different ele-
ments concludes that a hydrogen system is not economically
optimum with the current gas prices, if other aspects are not
considered. However, the electrolyser rated power and hydro-
gen storage capacity increase together with the PV and BESS
when CO, emissions are progressively reduced. Therefore,
as a general conclusion, the results showed that the hydro-
gen system is feasible if CO, emissions are limited. Similar
results could be obtained if CO, costs increase instead of
limiting the emissions. The proposed planning methodology
employs a deterministic approach. Considering the long time
horizon involved, future works can include uncertainties and a
sensitivity analysis of costs.

At the end, natural gas supply is the current solution for
energy-intensive industries. Nevertheless, renewable electrifi-
cation and hydrogen are necessary to achieve a decarbonised
energy system, additional incentives or cost reductions should
happen to enable a fully decarbonised system.
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