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Abstract: This paper presents a mathematical programming approach for the strategic planning of
hydrogen production from renewable energies and its use in electric power generation in conventional
technologies. The proposed approach aims to determine the optimal selection of the different types
of technologies, electrolyzers and storage units (energy and hydrogen). The approach considers the
implementation of an optimization methodology to select a representative data set that characterizes
the total annual demand. The economic objective aims to determine the minimum cost, which
is composed of the capital costs in the acquisition of units, operating costs of such units, costs of
production and transmission of energy, as well as the cost associated with the emissions generated,
which is related to an environmental tax. A specific case study is presented in the Mexican peninsula
and the results show that it is possible to produce hydrogen at a minimum sale price of 4200 $/tonH2,
with a total cost of $5.1687 × 106 and 2.5243 × 105 tonCO2eq. In addition, the financial break-even
point corresponds to a sale price of 6600 $/tonH2. The proposed model determines the trade-offs
between the cost and the emissions generated.

Keywords: optimization; green hydrogen; energy demand; planning; energy storage

1. Introduction

One of the main problems of electricity generation is satisfying the variable energy
demand that increases according to population and economic growth [1]. Generally, energy
production results from the operation of thermal or conventional power plants [2] and
renewable technologies [3]. The production of energy from conventional technologies
requires fossil fuels (natural gas, coal, oil, among others); however, in certain regions,
the availability of these resources is limited due to the infrastructure required to obtain
them [4] and the problem that some fossil fuels require a huge amount of energy to extract
them and, therefore, have an ever-increasing energy cost [5,6]. Due to factors such as the
aforementioned, it is not possible to fully operate conventional plants because of the large
fossil fuel requirements, resulting in energy security concerns [7]. Many countries still rely
heavily on fossil fuels [8], leading to concerns that the energy sector plays an important role
in increasing wealth and, therefore, in the growth of the country [9]. Hydrogen is mainly
used in the chemical industry; however, it can also be used as a fuel and is produced mainly
from fossil and renewable biomass resources, including steam reforming, pyrolysis [10]
and biomass gasification [11]. In addition, hydrogen can be generated from water in the
electrolysis process; being a promising substitute for fossil fuels, hydrogen has become a
clean and renewable energy [12].

Electrolysis is an electrochemical process of splitting water (H2O) that produces molec-
ular oxygen (O2) and hydrogen (H2) [13]; however, producing hydrogen by this method
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in so-called electrolyzers [14] entails different processes after obtaining it, such as stor-
age [15]. Although hydrogen is zero-carbon-emission energy at the point of end use, it
depends on the production route and the energy used to produce it [16]. In this sense, the
production of hydrogen from renewable energy sources is called “Green Hydrogen” [17],
so electrolysis is a good option to make the most of surplus renewable energy [18] and
has a significant economic impact [19]; however, a problem in the production of hydrogen
with renewable technologies is the climatic conditions [20]. Studies have recently been
carried out specifying that it is possible to operate these conventional energy production
technologies with a mixture of natural gas and hydrogen as fuel [21] and biofuels with
hydrogen [22], highlighting their competitiveness as part of the transition from the current
electrical system to the electrical systems of the future [23].

On the other hand, energy storage is important for electric systems, allowing load
leveling and the reduction of peaks, energy oscillations and the improvement of the quality
and reliability of energy [24], this is achieved by storing excess or unused energy and
supplying it to the grid when necessary [25]. Among various battery technologies, so-called
lithium-ion and vanadium for renewable energy storage (solar and wind) exhibit a high
energy efficiency, long life cycle and relatively high energy density [26,27]. Likewise, it
is well known that conventional technologies generate large amounts of emissions as a
consequence of the burning of fossil fuels [28], unlike renewable technologies that offer a
friendly option for the environment, benefiting the mitigation of emissions of CO2 [29], a
good example is photovoltaic panels reducing climate change [30,31]. An environmental tax
(carbon tax) has recently been considered on the carbon emissions emitted in the different
processes to mitigate climate change [32], this type of tax is dependent on the government
policies of each country [33].

It is important to consider the above aspects to design adequate energy production
networks, searching for cost-benefit compensation solutions, which has resulted in con-
sidering factors such as equipment selection and capacity (generation technologies [34],
energy storage [35], electrolyzers [36], among others), as well as associated economic and
environmental aspects. Decision tools have been used within energy systems as multi-
objective problem techniques with operational constraints [37], optimization methods [38],
the formulation of stochastic and deterministic programming models [39], design and
optimization algorithms based on mixed integer linear programming (MILP) [40], uni-
form progressive optimization methods with successive approximation strategies [41] and
mathematical modeling [42]. This project proposes to determine the minimum cost (TC) of
the energy production network, considering conventional and renewable technologies; in
addition, it is intended to quantify the emissions generated, simultaneously limiting the
fossil fuel required by conventional technologies, mitigating the demand for said fuel and
supplying it with a natural gas-hydrogen mixture, which will be produced by renewable
technologies. A disjunctive optimization model is presented to select the set of different
energy generation technologies, as well as the different hydrogen production and storage
units; in addition, the necessary capacities of said units will be selected to satisfy a variable
demand with a long planning horizon. Finally, it is sought that the production of green
hydrogen within an energy network achieves an interesting, viable, renewable and sus-
tainable economy. It should be noted that the novelty addressed in this work consists in
producing energy with different types of technologies (conventional and renewable), as
well as the necessary units in the storage of renewable energy and the production of green
hydrogen. In other words, previous methodologies (related to the electrical sector) have
not considered the configuration of the energy and hydrogen production network and its
storage in a single planning. In addition, another relevant aspect is the appropriate sale
price of hydrogen that represents economic income to the project.

2. Problem Statement

The addressed problem involves a set of conventional and renewable technologies in
the production of electrical energy in a macroscopic region. These sources must be able to
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produce enough energy to satisfy a given energy demand at a specific time and, at the same
time, optimally segregate the energy flows to directly satisfy the electrical energy demand
of a specific region or store it for later use. Firstly, renewable sources must be able to select
the energy flows produced to be stored and meet energy demand or be used in electrolyzers
and produce hydrogen that will be stored for use in conventional technologies, replacing
a percentage of natural gas with hydrogen and contributing to reducing greenhouse gas
emissions generated by technologies that consume fossil fuels and the demand for these.
Green hydrogen production must be suitable for blending with natural gas and used as a
fuel source in conventional technologies that use natural gas. Conventional technologies
will be classified into those that use natural gas and those that use another type of fuel,
which will not be mixed with hydrogen; on the other hand, renewable technologies will
be classified into variable and non-variable according to the availability of the natural
resource in each one of them. The proposed disjunctive optimization problem consists of
determining the appropriate selection of electric power generation technologies that must
operate simultaneously, the energy storage units that must be used for the correct operation
of the process, as well as the electrolyzers that must be installed to produce the energy,
and the amount of hydrogen required by conventional technologies. The capacities of the
units and the costs associated with them are also considered. An important aspect is to
determine the sale price of hydrogen within the system so that the process is optimal, and
the production of hydrogen is carried out in different regions (see Figure 1).
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Figure 1. Addressed problem involving the production of electricity and green hydrogen to satisfy
the electrical energy demand in each region.

3. Model Formulation

This section presents the mathematical model proposed for the optimal production of
electrical energy and the production of green hydrogen efficiently in a macroscopic system.
The schematic representation of the proposed superstructure is shown in Figure 2, where a
set of technologies (j = 1, 2, . . . , J) operate to meet energy demands in a given geographical
region (r = 1, 2, . . . , R), in a specific period (t = 1, 2, . . . , T), energy from renewable
technology, (jrt = 1, 2, . . . , J) variable (jr = 1, 2, . . . , J) and non-variable (jrh = 1, 2, . . . , J), is
used to produce hydrogen in electrolyzers (h = 1, 2, . . . , H) or is stored in energy storage
batteries (i = 1, 2, . . . , I) to be used to meet the required energy demand. On the other
hand, conventional technologies (jt = 1, 2, . . . , J) are classified into those that use natural
gas as fuel (jg = 1, 2, . . . , J) and those that use fuel oil as fossil fuel (jc = 1, 2, . . . , J). When
hydrogen is produced, it can be stored (g = 1, 2, . . . , G) to later be mixed with natural gas in
conventional technologies that require such fuel according to the requirements established
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by the technologies. It is important to highlight the relevance and applicability of the
proposed superstructure since the production of green hydrogen within an energy system
carries with it a plus because it can be used as fuel in conventional technologies, helping to
reduce the demand for fossil fuels and reduce the emissions generated by burning these.
The mathematical formulation includes equations to model the generation for each type of
technology, incorporating sizing, and associated costs in the production and equipment
used. Then, the optimization model for energy planning and green hydrogen production is
presented as follows.
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3.1. Electricity Demand in Each Transmission Region
Electricity demand (EDEM) in each region (r) and time interval (t) can be satisfied

with the local generation (eprodem) of available technologies (j), energy produced and
transmitted from a different region (r

′
), and the energy that is discharged from energy

storage systems. When using energy external to the r region, it is necessary to consider the
transmission efficiency (ηtrans) to consider losses due to electricity transport. In addition, a
term of the unsupplied demand is included (umdem) to complete the balance and avoid
unfeasible scenarios. However, it is expected that the demand will always be satisfied so
that the unsupplied demand is penalized in the target function.

EDEMr,t = umdemr,t + ∑
j

eprodemr,j,t + ∑
r′ 6=r

∑
j

etransr′ ,r,j,t
(
ηtrans)+ ∑

i
edesr,i,t ∀r ∈ R, ∀t ∈ T (1)
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3.2. Production of Conventional Electricity

The electricity generated (epr,jt,t) in every conventional technology (jt) of the region
(r) is obtained by adding the energy that is used to meet local demand plus the energy
transmitted from region r to region r

′
corresponding to a different region with available

streaming infrastructure.

epr,jt,t = eprodemr,jt,t + ∑
r 6=r′

etransr,r′ ,jt,t ∀r ∈ R, ∀jt ∈ J, ∀t ∈ T (2)

3.3. Amount of Fuel Consumed by Conventional Technologies

The amount of fuel needed in thermal technologies that use natural gas (jg) is quan-
tified by adding the mass of natural gas (mgas) and the mass of hydrogen used in power
plants (mH2,burn) multiplied, respectively, by the calorific value of each of them, (LHVG) and
(LHVH), and the ratio of thermal efficiency of fuels to electricity (ηconvgas

jg ) and (ηconvH2
jg ).

epr,jg,t =
mgasr,jg,t(LHVG)(

η
convgas
jg

) +

∑
h

mH2,burn
r,h,jg,t (LHVH)(

ηconvH2
jg

) ∀r ∈ R, ∀jg ∈ J, ∀t ∈ T (3)

Some of the thermal technologies (jt) work with other types of fuels, for this type of
technology (jc) the amount of fuel is quantified as follows:

epr,jc,t =
mcomr,jc,t(LHVC)(

ηconvotr
jc

) ∀r ∈ R, ∀jc ∈ J, ∀t ∈ T (4)

where mcom is the mass of other fuels.

3.4. Renewable Electricity Production
Electricity generated by renewable technologies in each region (ep) is obtained by

adding the energy used to charge the energy storage systems (ecar), renewable energy
transmitted to other regions (etrans), untapped energy (cu), called “curtailment”, and
renewable energy used by electrolyzers in hydrogen generation (eelec). On the other hand,
renewable technologies (jrt) are classified into variable technologies (jr) that are limited by
the availability of the resource and variability by climatic conditions (solar or wind) and
non-variable technologies (jrh) that are not limited by resources (hydroelectric), which is
modeled as follows:

epr,jr,t = eprodemr,jr,t + ∑
i

ecarr,jr,i,t + ∑
h

eelecr,jr,t,h + ∑
r 6=r′

etransr,r′ ,jr,t + cur,jr,t ∀r ∈ R, ∀jr ∈ J, ∀t ∈ T (5)

epr,jrh,t = eprodemr,jrh,t + ∑
i

ecarr,jrh,i,t + ∑
h

eelecr,jrh,t,h + ∑
r 6=r′

etransr,r′ ,jrh,t + cur,jrh,t ∀r ∈ R, ∀jrh ∈ J, ∀t ∈ T (6)

3.5. Total Unused Renewable Energy

Renewable energy that cannot be used by the system due to technical limitations in
the infrastructure is penalized in the objective function:

cuT = ∑
r

∑
jrt

∑
t

cur,jrt,t (7)

3.6. Operating Constraints for Conventional Technologies

It is important to restrict the operation of the different conventional technologies to
comply with specific energy production, as shown in Equations (8)–(11).
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3.6.1. Increase in Electricity Generation

The increase in electricity generation considers the production capacity (CAPROD) of
the different (jt) thermal technologies, as well as the fraction of installed capacity that can
be increased per hour (RUMAX).

epr,jt,t − epr,jt,t−1 ≤ RUMAXjt
(
CAPRODr,jt,t

)
, ∀r ∈ R, ∀jt ∈ J, ∀t > 1 ∈ T (8)

3.6.2. Decrease in Electricity Generation

The decrease in electricity generation considers the production capacity (CAPROD)
of the different thermal technologies (jt), as well as the fraction of installed capacity that
can be reduced per hour (RDMAX).

epr,jt,t−1 − epr,jt,t ≤ RDMAXjt
(
CAPRODr,jt,t

)
, ∀r ∈ R, ∀jt ∈ J, ∀t > 1 ∈ T (9)

3.6.3. Maximum and Minimum Generation of Conventional Technologies

The following relationships limit the plants to avoid shutdowns, and these are as-
sociated with the production capacity (CAPROD), where the maximum and minimum
generation limits are specified as follows:

epr,jt,t ≤ MAXPRODr,jt,t ∀r ∈ R, ∀jt ∈ J, ∀t ∈ T (10)

epr,jt,t ≥ MINPRODr,jt,t ∀r ∈ R, ∀jt ∈ J, ∀t ∈ T (11)

3.7. Operating Constraints of Renewable Technologies

The energy generated by variable renewable technologies (jr) is limited by the avail-
ability of the resource (solar or wind). It is not possible to use 100% of the installed capacity
so the capacity factor is used (CF) to estimate the fraction of the installed capacity that
different technologies can take advantage of in each region and each period. The new
capacity to be installed for each technology is also considered (icrenew).

epr,jr,t = CAPRODr,jr,t·CFr,jr,t + icrenew
r,jr ·CFr,jr,t, ∀r ∈ R, ∀jr ∈ J, ∀t ∈ T (12)

3.8. Installation of Renewable Technologies

If it is convenient to install any renewable technology (jr) in a certain region (r), the
binary variable yRENEW takes the value of 1. If it is not convenient, the binary variable
takes a value of zero. In addition, binary variables allow limiting the selected capacity of
renewable technologies icrenew in the range of minimum and maximum capacities available
on the market (CMINRENEW and CMAXRENEW).

yRENEW
r,jr

(
CMINRENEWr,jr

)
≤ icrenew

r,jr , ∀r ∈ R, ∀jr ∈ J (13)

yRENEW
r,jr

(
CMAXRENEWr,jr

)
≥ icrenew

r,jr , ∀r ∈ R, ∀i ∈ I (14)

3.9. Installation of Energy Storage Systems

The decision to install ESS is modeled using binary variables. Whether it is convenient
to install a storage system in a particular region (r), the binary variable yESS takes the value
of 1. If it is not convenient that there is a storage unit, the binary variable (yESS) takes a
value of zero. In addition, binary variables allow the selected capacity of the storage system
icess to be in the range of minimum and maximum capacities available on the market
(CMINESS and CMAXESS).

yESS
r,i (CMINESSr,i) ≤ icessr,i, ∀r ∈ R, ∀i ∈ I (15)

yESS
r,i (CMAXESSr,i) ≥ icessr,i, ∀r ∈ R, ∀i ∈ I (16)
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3.10. Energy Balance in Storage Systems

To be able to know the amount of energy contained in energy storage systems (ealm)
of each region (r) in a certain time (t), an energy balance must be made that considers the
energy that is charged and discharged in each period, as well as their respective charging
and discharging efficiencies (ηcar

i and ηdes
i ).

ealmr,i,t = ealmr,i,t−1 +

(
∑
jrt

ecarr,jrt,i,t

)
(ηcar

i )−
edesr,i,t

ηdes
i

, ∀r ∈ R, ∀i ∈ I, ∀t > 1 ∈ T (17)

ealmr,i,t = EALM0
r,i +

(
∑
jrt

ecarr,jrt,i,t

)
(ηcar

i )−
edesr,i,t

ηdes
i

, ∀r ∈ R, ∀i ∈ I, ∀t = 1 ∈ T (18)

3.11. Operating Constraints of Energy Storage Systems

Equation (19) limits the amount of energy that can be stored so that this amount does
not exceed the installed capacity of the ESS. Additionally, it is specified that the amount
of energy that is injected into the storage system (ecar) does not exceed the capacity that
each technology can receive in a period and that it comes from the available conventional
technologies (jrt).

ealmr,i,t ≤ icessr,i ∀r ∈ R, ∀i ∈ I, ∀t ∈ T (19)

∑
jrt

ecarr,jrt,i,t(η
car
i ) ≤ icessr,i, ∀r ∈ R, ∀i ∈ I, ∀t ∈ T (20)

In the same way, the discharged energy is limited (edes) by the storage system i in a
period t so that ESSs do not discharge more electricity than they can.

edesr,i,t

ηdes
i

≤ icessr,i, ∀r ∈ R, ∀i ∈ I, ∀t ∈ T (21)

On the other hand, the following equations are specified to consider the existence of
energy storage units, they also limit the charge and discharge of the storage in the same
period, forcing the model to load and unload storage in a different period determined using
the binary variable ωESS, which is related to the percentage of capacity that the battery can
discharge CAPDESC and the maximum storage capacity (CMAXESS) [43].

∑
jrt

ecarr,jrt,i,t ≤ ωESS
r,i,t (CAPDESCr,i)(CMAXESSr,i), ∀r ∈ R, ∀i ∈ I, ∀t ∈ T (22)

edesr,i,t ≤
(

1−ωESS
r,i,t

)
(CAPDESCr,i)(CMAXESSr,i), ∀r ∈ R, ∀i ∈ I, ∀t ∈ T (23)

3.12. Hydrogen Generation

The generation of hydrogen depends on the amount of electricity that is consumed,
but the optimization model must make the decision to install it or not to install it, so it is
necessary to use binary variables (y). In this case, the installation of an electrolyzer that
can generate hydrogen will be considered depending on the amount of electricity supplied.
In addition, if the electrolyzer is installed, a storage unit will also be installed to serve as
temporary storage of the fuel. The electrolyzer and hydrogen storage will have a minimum
and a maximum capacity that can be installed and the model will have to select a capacity
within the established range.

3.13. Installation of the Electrolyzers

Binary variables allow the optimal capacity of the electrolyzer icelect in the desired
interval (between CMIN and CMAX). If it is convenient to install an electrolyzer h in a
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certain region (r), the binary variable (yelect) takes the value of 1. If it is not convenient that
there is an electrolyzer, the binary variable (yelect) takes a value of zero.

yelect
r,h

(
CMINelect

r,h

)
≤ icelect

r,h , ∀r ∈ R, ∀h ∈ H (24)

yelect
r,h

(
CMAXelect

r,h

)
≥ icelect

r,h , ∀r ∈ R, ∀h ∈ H (25)

3.14. Hydrogen Storage System

If the electrolyzer is installed, then the storage g is installed. In this way, the binary
variable of the electrolyzer in the region r will be 1, and therefore hydrogen storage will be
needed (EHS). Otherwise, the binary variable associated with the electrolyzer will be zero.
Using the following relationship, it indicates that yEHS will only be 1 if yelect is also 1, and it
will be zero when yelect is zero.

yelect
r,h − yEHS

r,g = 0, ∀r ∈ R, ∀h ∈ H, ∀g ∈ G (26)

Binary variables allow determining the optimal capacity of the storage icEHS and limit
this capacity into the desired interval (between CMIN and CMAX).

yEHS
r,g

(
CMINEHS

)
≤ icEHS

r,g , ∀r ∈ R, ∀g ∈ G (27)

yEHS
r,g

(
CMAXEHS

)
≥ icEHS

r,g , ∀r ∈ R, ∀g ∈ G (28)

3.15. Electrolyzer Operation

The electrolyzer will produce hydrogen (mH2,gen) depending on the energy supplied
(eelec); however, not all the energy supplied is used 100%, so efficiency is related (ηelect) in
the electrolyzers h. The model is restricted to the production of hydrogen from renewable
energy jrt.

∑
jrt

eelecr,jrt,h,t

(
ηelect

h

)
= mH2,gen

r,h,t , ∀r ∈ R, ∀h ∈ H, ∀t ∈ T (29)

The operation of the electrolyzers is related to the capacity of the electrolyzer (icelect),
which must be greater than the energy supplied.

∑
jrt

eelecr,jrt,h,t ≤ icelect
r,h , ∀r ∈ R, ∀h ∈ H, ∀t ∈ T (30)

3.16. Balance in the Hydrogen Storage System

The following equations are needed to represent the balance in EHSs:

mEHS
r,g,t −mEHS

r,g,t−1 = mH2,gen
r,h,t −∑

jg
mH2,burn

r,h,jg,t , ∀r ∈ R, ∀g ∈ G, ∀h ∈ H, ∀t > 1 ∈ T (31)

mEHS
r,g,t −MEHS

r,0,g = mH2,gen
r,h,t −∑

jg
mH2,burn

r,h,jg,t , ∀r ∈ R, ∀g ∈ G, ∀h ∈ H, ∀t = 1 ∈ T (32)

where mH2,burn corresponds to the mass of hydrogen used in natural gas thermal power
plants and mH2,gen to the mass of hydrogen generated by the electrolyzer h. The second
equation must include the amount of hydrogen contained in the storage at time zero MEHS

as a parameter. The first equation applies to the rest of the periods.



Energies 2023, 16, 2609 9 of 25

3.17. Hydrogen Generated and Used

The following relationships ensure that the burned hydrogen (mH2,burn) must be lower
than that generated in electrolyzers (mH2,gen):

mH2,gen
r,h,t ≥∑

jg
mH2,burn

r,h,jg,t , ∀r ∈ R, ∀h ∈ H, ∀t ∈ T (33)

3.18. Operating Constraints on Power Transmission

For the energy transmitted (etrans) between two regions, all flows passing through a
transmission line must be considered. This value must not exceed the transmission link
capacity CT of the line. The energy is transmitted from the r region to a different r

′
region.

CT ≥ ∑
r′ 6=r

∑
j

etransr′ ,r,j,t, ∀t ∈ T (34)

3.19. Emissions

Total emissions are associated with the amount of fuel used in each region r, for each
of the different conventional power plants jrt. It is considered an emission factor EMIS
that specifies the amount of emissions of CO2eq generated by the amount of fuel used.

Emisiones = ∑
t

[
∑
jc

∑
r

mcomr,jc,t
(
EMISjc

)]
+ ∑

t

[
∑
jg

∑
r

mgasr,jg,t
(
EMISjg

)]
+

∑
t

[
∑
jg

∑
h

∑
r

mH2,burn
r,h,jg,t

(
EMISjg

)] (35)

3.20. Total Unsupplied Demand

Unsupplied demand umdem was considered, which allows for avoiding unfeasible
solutions in the optimization process.

umdemT = ∑
r

∑
t

umdemr,t (36)

3.21. Costs of Conventional Energy Production

The costs in the production of electrical energy in conventional generators are given
by the relationship between the amount of energy that is produced ep in a time t and a
variable cost of production in each of the conventional technologies jt.

opexconv
t = ∑

r
∑
jt

epr,jt,t
(
CPRODjt

)
, ∀t ∈ T (37)

3.22. Renewable Energy Production Costs

The costs in the production of renewable electrical energy are given by the relationship
between the amount of energy that is produced ep in a time t and a variable cost of
production CPROD in each of the renewable technologies jrt.

opexrenw
t = ∑

r
∑
jrt

epr,jrt,t
(
CPRODjrt

)
, ∀t ∈ T (38)

3.23. Transmission Costs

Transmission costs are associated with the cost of transporting energy (etrans) from
one region to another, considering a unit cost of transmission CTRANS from the region r
to the region r

′
.

costtrans
t = ∑

r′ 6=r
∑

j
etransr,r′ ,j,t

(
CTRANSr,r′

)
, ∀t ∈ T (39)
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3.24. Cost of Installing the Energy Storage System (ESS, Energy Storage System)

Storage facility costs consider capital costs based on the installed capacity of the
storage system (icess). Cost of capital considers a cost (FCESS), which is only considered
when deciding to install these systems, as shown below:

Capexess = ∑
r

∑
i

[
FCESS

i icessr,i

]
(40)

3.25. Cost of Electrolyzer Installation

Electrolyzers consider a unitary charge (FCelect) that to be activated depends only on
the existence of the unit and multiplies the capacity of the unit icelect, as follows:

Capexelect = ∑
r

∑
h

[
FCelect

h icelect
r,h

]
(41)

3.26. Cost of Installing the Hydrogen Storage System

The unit cost of capital FCEHS, which to be activated depends only on the existence of
unit g, multiplies the capacity of the unit icEHS by its unit cost, as follows:

CapexEHS = ∑
r

∑
g

[
FCEHS

g icEHS
r,g

]
(42)

3.27. Cost of Installing Variable Renewable Technologies

The installation of renewable technologies (jr) considers a unitary charge (FCrenew)
related to the capacity of the unit icrenew.

Capexrenew = ∑
r

∑
jr

[
FCrenew

jr icrenew
r,jr

]
(43)

3.28. Total Capital Cost

The total capital cost considers the costs for the acquisition of the energy storage units,
electrolyzers and hydrogen storage units:

CostcapT = Capexess + Capexelect + CapexEHS + Capexrenow (44)

3.29. Operating Cost of Energy Storage

The operating cost ESSs depends on the amount of energy in the storage systems (ealm)
of each r region and a variable unit operating cost (UCess−CV−O&M) of the storage unit i. A
fixed operating cost is also considered for each of the storage units (UCess−CF−O&M).

Opexess
t = ∑

r
∑

i
ealmr,i,t

(
UCess−CV−O&M

i

)
+ UCess−CF−O&M

i yESS
r,i , ∀t ∈ T (45)

3.30. Operating Cost of Electrolyzers

The operating cost of electrolyzers is calculated considering the mass of hydrogen
produced (mH2,gen). A unit operating cost of the electrolyzer is required (UCelect).

Opexelect
t = ∑

r
∑
h

mH2,gen
r,h,t

(
UCelect

h

)
, ∀t ∈ T (46)
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3.31. Operating Cost of Hydrogen Storage

The operating cost of any hydrogen storage unit is calculated based on the mass of
hydrogen contained in the storage g, which is associated with a unit operating cost of the
hydrogen storage (UCEHS).

OpexEHS
t = ∑

r
∑
g

mEHS
r,g,t

(
UCEHS

g

)
, ∀t ∈ T (47)

3.32. Total Operating Cost

The total operating cost considers the costs for the operation of the units of energy
storage plants, electrolyzers and hydrogen storage units:

CostopT = ∑
t

Opexess
t + ∑

t
Opexelect

t + ∑
t

OpexEHS
t (48)

3.33. Profit

The purpose of green hydrogen production is to be used as a fuel in conventional
technologies replacing natural gas, having a natural gas-hydrogen mixture, representing
economic and environmental benefits. However, producing green hydrogen within the
system can generate some added value (Pro f itH2,gen), which is associated with a unit sale
price (PVelect) that depends on the mass of hydrogen generated in the electrolyzers h. The
following equation shows the economic income from the sale of green hydrogen:

Pro f itH2,gen = ∑
r

∑
h

∑
t

mH2,gen
r,h,t

(
PVelect

h

)
(49)

3.34. Total Cost

The production costs of conventional and renewable energy and the costs of transmis-
sion of energy to the different regions are considered. The capital cost in the acquisition of
energy storage units, electrolyzers and hydrogen storage units is also considered, as well
as the operating costs of said units and the difference for the sale of hydrogen. On the other
hand, the cost associated with the emissions generated is considered, which is associated
with an environmental tax (UCCARNBONTAX) on the emissions of CO2eq. The energy not
supplied and used is also considered using a unit cost (UUMDEMT and UCUT). In addition,
it is considered a factor to annualize the investment (Kinv).

TC = ∑
t

opexconv
t + ∑

t
opexrenw

t + ∑
t

costtrans
t + CostcapT

(
Kinv)+ CostopT

cuT
(
UCUT)+ umdemT

(
UUMDEMT)+ Emisiones

(
UCARBONTAX)− Pro f itH2,gen

(50)

3.35. Objective Function

The objective function considers minimizing the total cost, which is given as follows:

f o = min (TC) (51)

where the objective function is subject to all the above constraints.
Therefore, the presented approach corresponds to a mixed integer linear program-

ming problem (MILP), where the total cost is to be minimized (TC) in the production of
electrical energy. In addition, it is important to mention that the previously developed
mathematical model can be applied in any region of the world if the specific restrictions
and configurations of the network, as well as the options for the production of renewable
energy, are considered.

4. Case Study

A case study in Mexico is selected to show the applicability of the proposed approach,
in particular, the peninsular electrical system is studied. The production of electrical energy
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in the peninsular region is considered, which includes the following transmission regions:
Grijalva (RA), Tabasco (RB), Campeche (RC), Mérida (RD), Chetumal (RE), Cancún (RF),
and Cozumel (RG), where each region has a transmission line whose function is to carry
electrical energy to different distances (see Figure 3). Currently, the electricity supply in
the peninsular region is generated with different types of energy technologies, of which
the eight most important have been selected because they are the ones that provide the
greatest amount of electrical energy in total production [44]. In addition, these technologies
are classified as conventional (those that use fossil fuels for their operation) and renewable
(they use natural resources that can be restored by natural processes). Conventional
technologies include turbogas, combined cycle, efficient cogeneration, internal combustion
and conventional thermoelectric, while renewable technologies that require variable energy
resources in power systems include wind and solar (they are limited by the availability of
the resource) and finally within the non-variable renewable technologies, hydroelectricity is
considered. On the other hand, the type of technology necessary to meet the energy demand
in each period will be selected, as well as the installation of electrolyzers and hydrogen and
energy storage devices necessary to produce green hydrogen (from renewable technologies).
The necessary energy production capacities of the technologies and the production of
hydrogen in the electrolyzers are also shown to later use within the system as a mixture
of natural gas-hydrogen in conventional technologies to study the demand for natural
gas and the impact on the environment given by the emissions produced by fossil fuels.
The necessary parameters have been taken from technical reports with updated data [44]
to be used in the optimization model, which are shown in Table 1; other parameters
such as equipment capacities, operating and maintenance costs, charge and discharge
efficiencies, emission factors are also considered [45]. The energy transport efficiency is
considered to be 95% from one region to another, which means that up to 5% of the total
energy transmitted is lost in this distribution period. While the factors to annualize the
investment of storage units, electrolyzers and renewable technologies (Kinv) have a value
of 0.1. The capacities of the electrolyzers are a minimum of 1 MWh and a maximum
of 10 MWh, the hydrogen storage capacity of a minimum of 0.001 ton and a maximum
of 0.00354 ton (50 L) [46] and the cost of hydrogen production in the electrolyzers is
3900 $/tonH2 [47]. It is considered that conventional technologies manage to work using
natural gas, hydrogen or fuel oil; in this sense, the low calorific values of natural gas,
hydrogen and fuel oil (LHVG, LHVH, LHVC) are 50.03 GJ/ton, 119.90 GJ/ton and
40.10 GJ/ton, respectively [48,49].

Table 1. Parameter of capacities of technologies and costs of storage [44,45].

Generation Technology

Production Capacity (MW)

Grijalva
(RA)

Tabasco
(RB)

Campeche
(RC)

Mérida
(RD)

Chetumal
(RE)

Cancún
(RF)

Cozumel
(RG)

Conventional
Turbogas 121.00 217.00 47.00 60.00 71.20 190.00 53.00
Combined cycle 0.00 0.00 252.40 1229.00 0.00 0.00 0.00
Efficient cogeneration 0.00 367.00 112.50 243.00 0.00 0.00 0.00
Internal combustion 1.00 47.00 0.00 13.13 0.00 0.00 0.00
Conventional thermoelectric 0.00 0.00 0.00 1.06 0.00 3.20 0.00
Variable renewable
Wind 17.37 0.00 40.36 145.31 8.07 18.19 5.05
Solar 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Non-variable renewable
Hydroelectric 4828.00 0.00 0.00 0.00 0.00 0.00 0.00

Energy storage

Classification Charging
efficiency

Discharge
efficiency

Fixed costs
($)

Variable
costs

($/MWh)

Maximum
capacity
(MW)

Minimum
capacity
(MW)

Energy at
time zero
(MWh)

Li-ion 0.98 0.98 540.00 2220.00 100.00 6.00 0.00
VRB (vanadium redox battery) 0.85 0.85 944.00 1000.00 100.00 6.65 0.00
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For this specific case, the considered energy storage devices are lithium-ion batteries
(Li-ion) and vanadium redox batteries (VRB) [45]. The production of emissions represents
an environmental tax (CARBONTAX), which was considered 3 $/tonCO2eq according to
the conditions of the country under study [50] and the unit cost of energy not supplied
of 2600 $/MWh [44]. To characterize the system over a time horizon, without the need
for massive amounts of computing resources, a small number of representative weeks are
optimally selected to jointly characterize energy demand and production of variable energy
resources using a methodology [51] that results in a valid approximation in planning a
long-term time horizon. In this work, the analysis of 4 representative weeks corresponding
to 672 h is considered, which were selected from 52 total weeks (8760 h) corresponding to
one year through the methodology described above. It is important to highlight that in this
work, the proposed methodology was used in Mexico because there are data available to
carry out the planning in the Mexican peninsula (Grijalva, Tabasco, Campeche, Mérida,
Chetumal, Cancún and Cozumel). In addition, this region has natural gas supply problems
and great possibilities for the use of renewable energy, making this region a good candidate
to apply the mathematical model.

To show the use of the proposed methodology and the importance of hydrogen
production in the electric power generation process, the following scenario is proposed
(Scenario A). In this case, the solution of the mathematical model described above is
considered, where the possibility of obtaining economic benefits in the production of green
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hydrogen (Pro f itH2,gen > 0) is presented, looking for the appropriate unit selling price
of hydrogen (PVelect), where the system can produce hydrogen, satisfying the objective
function. A maximum generation of 40% is considered in conventional technologies [44].

5. Results and Discussion

The proposed mathematical formulation was coded in the software GAMS® (Gen-
eral Algebraic Modeling System) release 42.3.0 as a mixed integer linear programming
(MILP) model. The model includes 334,088 continuous variables, 9450 binary variables and
262,793 constraints. The program was solved in a computer with a processor AMD Radeon
R3 of 2.30 GHz and 8 GB of RAM in 31.32 s of CPU time using the solver CPLEX [52].

Once the mathematical model has been implemented and considering the previous
information, the results obtained are shown below. First, Table 2 shows the economic,
environmental and energy results obtained by the type of technology. Scenario A shows the
minimum sale price with which this system can start the production of hydrogen, having
economic and environmental benefits, with the above, minimum profits of $6.3572 × 105

and a unit sale price of 4200 $/tonH2, which correspond to similar values in technical
reports [53]. The total cost (TC) is $5.1687 × 106 and in the environmental aspect, the
emissions are 2.5243 × 105 tonCO2eq. It is important to mention that different types of tech-
nologies are used in energy production. Scenario A produces a total of 1.8869 × 106 MWh,
where 72.01% corresponds to total renewable energy (hydroelectric, wind and solar) and
27.99% is energy from conventional sources. An important aspect is to calculate the emis-
sion factor of the electrical system studied to validate results with other types of studies
already carried out, in this sense, values like those reported in the literature were obtained
(0.494 tonCO2eq/MWh for 2020) [54], which correspond to 0.4780 tonCO2eq/MWh for
scenario A. The emission factor was calculated according to the quotient of the total energy
produced from conventional technologies and the emissions emitted by them.

Table 2. Resulting configuration for scenario A with a minimum TC in the total network.

Concept Scenario A

Emissions (tonCO2eq) 2.5243 × 105

Total cost ($) 5.1687 × 106

Produced energy (MWh) 1.8869 × 106

Conventional technologies 5.2810 × 105

Variable renewable technologies 8.2449 × 104

Non-variable renewable technologies 1.2764 × 106

Power not supplied (MWh) 0.0000
Curtailment (MWh) 0.0000
Economic profit ($) 6.3572 × 105

Emission factor (tonCO2eq/MWh) 0.4780
Produced hydrogen (ton) 1.5136 × 102

Fuel oil used (ton) 1.7349 × 103

Used natural gas (ton) 9.1691 × 104

Because conventional technologies in the proposed scenarios require fossil fuels for
their operation, the results show that scenario A requires 93,577.16 tons of total fuel. In
addition, they show the use of fuel oil, natural gas and hydrogen, the latter being used as a
natural gas-hydrogen mixture to be supplied in conventional technologies, showing 0.16%
hydrogen, 1.85% fuel oil and 97.98% natural gas.

Additionally, if in a hypothetical case the production of hydrogen in scenario A were
from conventional techniques, such as methane steam reforming (MSR), and not in a re-
newable way (green hydrogen) as stated in the proposed superstructure, the MSR emission
factor is 6.038 tonCO2eq/tonH2 [55]. In this sense, the 1.5136 × 102 tonH2 produced in
scenario A represent 913.92 tonCO2eq additions to the system to produce hydrogen in a con-



Energies 2023, 16, 2609 15 of 25

ventional way, thus generating a total of emissions of 2.5334 × 105 tonCO2eq (considering
emissions from MSR and energy-producing technologies).

Minimizing the objective function includes the costs associated with the electricity
production process, so Figure 4 shows the costs, which are made up of energy transmission
costs from one region to another, costs of capital for the acquisition of units (energy
storage units, electrolyzers, hydrogen storage units and energy production technologies),
operating costs (energy storage units, electrolyzers and hydrogen storage units), costs
associated with the production of energy in each technology, cost associated with the
emissions generated as an environmental tax and the cost for the existence of energy not
supplied (umdem). Scenario A has a total cost of $5.1687 × 106, from which $5.1003 × 105

corresponds to transmission costs, representing 8.79% of the total cost. The capital costs
are $2.1492 × 106 which represent 37.03% of the total cost, given by the acquisition of
energy storage ($3.7776 × 105), electrolyzers ($2.5000 × 104) and renewable technologies
($1.7464 × 106). Operating costs are $7.5776 × 105, while conventional production costs
are $1.6302 × 106, representing 28.09%, and the operating costs in the electrolyzer units are
$5.9031 × 105. The curtailment and the energy not supplied do not exist and for this reason,
do not represent a cost. Finally, the emissions represent an important environmental tax of
13.05% ($ 7.5729 × 105) of the total cost.
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Figure 4. Individual costs in the proposed scenario.

It is important to mention that the analysis carried out on the previous scenario in the
Mexican peninsula also considers the energy production by transmission region; therefore,
Table 3 shows the energy demand, the installed equipment and its capacity in each of
the regions. Scenario A (Table 3) shows that the transmission region RA produces 99.33%
(8572.90 MWh) of electrical energy, mainly with renewable technologies (hydroelectric and
wind) and the rest with turbogas and internal combustion, contrary to RB, which satisfies
the production of electrical energy by conventional technologies in its entirety (turbogas,
efficient cogeneration and internal combustion). RC generates 85.37% of conventional
technologies, mainly turbogas, combined cycle and efficient cogeneration (3.93%, 62.77%
and 18.67%, respectively) and 14.63% with wind. RD produces 88.56% of electricity with
conventional technologies (326,282.39 MWh) and the rest with renewables (42,146.47 MWh).
RE produces electricity with turbo gas, wind and solar with 37.41%, 4.19% and 58.40%,
respectively. RF makes use of 64.36% (turbogas and conventional thermoelectric) with
conventional technologies and 35.64% with wind and solar. Something similar occurs with
RG, which generates 5525.72 MWh with turbogas technologies and 3652.71 MWh with
wind and solar.
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Table 3. Total energy produced and capacity of equipment installed in each transmission region at a
minimum TC.

Scenario A

Generation Technology

Energy Produced in Each Transmission Region (MWh)

Grijalva
(RA)

Tabasco
(RB)

Campeche
(RC)

Mérida
(RD)

Chetumal
(RE)

Cancún
(RF)

Cozumel
(RG)

Turbogas 8488.00 16,684.24 4017.90 5006.24 6289.14 18,773.33 5525.73
Combined cycle 0.00 0.00 64,200.15 288,016.46 0.00 0.00 0.00
Efficient cogeneration 0.00 53,173.01 19,097.97 31,707.10 0.00 0.00 0.00
Internal combustion 84.90 5182.52 0.00 1466.62 0.00 0.00 0.00
Conventional
thermoelectric 0.00 0.00 0.00 85.97 0.00 299.84 0.00

Wind 600.35 0.00 14,964.14 38,802.29 704.42 2931.86 760.59
Solar 0.00 0.00 0.00 3344.19 9817.86 7631.52 2892.13
Hydroelectric 1,276,394.85 0.00 0.00 0.00 0.00 0.00 0.00
Total energy (MWh) 1,285,568.10 75,039.78 102,280.16 368,428.87 16,811.41 29,636.54 9178.44

Capacity

Acquisition of Equipment

Grijalva
(RA)

Tabasco
(RB)

Campeche
(RC)

Mérida
(RD)

Chetumal
(RE)

Cancún
(RF)

Cozumel
(RG)

Wind technology (MW) 0 0 57.647 0 0 0 0
Solar technology (MW) 0 0 0 0 69.18 58.415 21.279
Storage Li-ion (MW) 10.204 0 10.204 20.83 13.999 30.612 24.714
Storage VRB (MW) 0 0 0 0 0 0 0
Electrolyzer (MW) 10 0 0 0 0 0 0
Hydrogen storage (tonH2) 0.001 0 0 0 0 0 0

The acquisition of equipment is an option in the proposed superstructure; for this
reason, the transmission regions are specified in which the installation of renewable tech-
nologies, energy storage, electrolyzers and hydrogen storage is required. As can be seen,
scenario A (Table 3) shows that the RA region can produce hydrogen, for this reason, the
installation of 10 MW of capacity in electrolyzer equipment, in addition to a capacity of
0.001 ton in hydrogen storage and 10.204 MW in energy storage (Li-ion). The RC region
uses 57.647 MW capacity in wind technology and the same energy storage capacity as
RA. RD only considers the energy storage installation (Li-ion). The region that needs the
greatest energy storage capacity is the RF (30.612 MW), while RE is the one that requires
greater capacity in the production of solar energy (69.180 MW).

Figures 5 and 6 show the electricity demand (EDEM) in each transmission region at
different time intervals, considering the analysis of 4 representative weeks corresponding
to 672 h, which were selected from 52 total weeks (8760 h). The energy balance can be
satisfied with local generation (eprodem) produced by the technologies available in each
of the regions, the energy exported and imported from one region to another, the energy
not supplied (umdem) and the energy that is discharged from energy storage systems. In
addition, the losses due to the transport of energy electricity with the transmission efficiency
are also considered (ηtrans).

Scenario A (Figure 5) shows that in none of the transmission regions, the locally generated
energy is the only one used to meet energy demand because it is more convenient to interact
with other regions; it is because of this that each of its transmission regions is associated with
imports and exports among themselves, in addition to making use of locally generated energy
to meet the required energy demand. The total energy demand (1,773,632.71 MWh) of the
peninsula that is made up of the seven regions RA, RB, RC, RD, RE, RF and RG (Figure 5) corre-
sponds to 349,529.30 MWh, 543,133.28 MWh, 134,778.93 MWh, 278,124.31 MWh, 39,612.0 MWh,
406,738.56 MWh and 21,716.31 MWh, respectively. This analysis represents the entire four weeks
considered as a time horizon. The transmission region RA satisfies its energy demand with local
production, storage discharge and energy export to other regions (see Figure 5a); local production
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is 349,160.00 MWh, import from other regions to RA is null and export to others is given as
follows: RA-RB (468,093.50 MWh), RA-RC (32,571.48 MWh), RA-RD (370.60 MWh), RA-RE1
(22,753.24 MWh), RA-RE2 (55.17 MWh), RA-RF (301,017.99 MWh) and RA-RG (3043.99 MWh),
and discharge of energy storages corresponds to 369.30 MWh. Similarly, another of the re-
gions that exports energy is the RD (see Figure 5d), where the energy produced locally is
276,874.01 MWh, the imported energy comes from RA with a value of 370.60 MWh and that
coming from RB and RC is zero. On the other hand, of the total energy exported (85,607.64 MWh),
88.92% is for the RF region and 11.08% for the RG region. The regions RB, RC, RE, RF and
RG do not export energy (see Figure 5b,c,e–g); however, to meet energy demands, they receive
energy from other regions; in this sense RB imports 468,093.50 MWh, RC 32,571.48 MWh, RE
22,820.20 MWh, RF 377,145.22 and RG 12,566.74 MWh. In addition, the energy produced locally
in the regions RB, RC, RE, RF and RG is 75,039.78 MWh, 101,933.66 MWh, 16,316.63 MWh,
28,545.43 MWh and 8449.46 MWh, respectively. The non-supplied energy is zero in all regions.
The energy discharge of the storage systems (Li-Ion) in each of the regions is 369.30 MWh,
273.79 MWh, 879.69 MWh, 475.19 MWh, 1047.91 MWh and 700.11 MWh for the regions RA, RC,
RD, RE, RF and RG, respectively, and the energy coming from storages in the RB region is null.
Figure 6 shows in detail the behavior of the Li-ion storage for scenario A and its transmission
regions, where the charge and discharge are displayed in each of the hours that make up the
selected time interval, it also shows that the RB region does not consider the installation of energy
storage within its planning.

According to scenario A, it was found that the minimum unit sale price at which the
system begins to produce hydrogen is 4200 $/tonH2, with a total cost (TC) of $5.1687 × 106

and a minimum profit of $6.3572 × 105 (Table 2). That is why Figure 7 shows an analysis
of the sale price of hydrogen concerning the total cost of the proposed planning, where
it is presented that a sale price of 4500 $/tonH2 carries a TC of $5.0753 × 106 and profits
of $1.9604 × 106; this shows that the increase in 300 $/tonH2 in the sale price decreases
the TC $9.3400 × 104; in addition, profits triple ($1.9604 × 106), hydrogen production
increases considerably to 4.3565 × 102 ton and require 1.7899 × 103 ton and 9.2980 × 104

ton of fuel oil and natural gas, respectively. On the other hand, the storage equipment
(energy and hydrogen) and electrolyzers are activated in the regions RA, RC, RD, RE, RF
and RG, unlike scenario A where the electrolyzers only activate in the RA region. The
analysis of the sale price is carried out in a range of 4200–6900 $/tonH2, which shows
that as the sale price increases, TC decreases and profits gradually increase; however, this
behavior shows the sale price at which the system reaches the so-called “break-even point”
where positive cash flows (in this case the profits) are balanced by the negative flows (fixed
and variable costs) expected during the useful life of the project [56], in such a way that
the sale price that represents said event is approximately 6600 $/tonH2 which involves
profits and TC of $3.8643 × 106 with emissions of 2.5943 × 105 tonCO2eq. In addition,
system emissions increase as the selling price increases; with an increase of 4200 $/tonH2
to 4500 $/tonH2 in the sale price, emissions increase by 1.77% (2.5243 × 105 tonCO2eq to
2.5684 × 105 tonCO2eq) and with an increase of 4200 $/tonH2 to 6600 $/tonH2 in the sale
price, emissions increase 7.0000 × 105 tonCO2eq which represents 2.70%. With the above, it
is possible to visualize the behavior of the system choosing between the sale prices that are
the most convenient according to the expected goal (economic and environmental).

In previous works, the problems of energy production, energy storage and green
hydrogen production have been addressed individually. In this work, we are approaching
the problem in such a way that it is studied as a configuration of the network together,
evaluating environmental and economic aspects. On the other hand, the objectives are
focused on the production of energy with different technologies (conventional and re-
newable), production of green hydrogen and energy storage from intermittent renewable
technologies. Results reported in previous works are consistent with those obtained in this
work. For example, green hydrogen sales prices of 6000–10.00 $/tonH2 [53,57] have been
reported while in this work sale prices of 4200–6900 $/tonH2 were obtained; the hydrogen
break-even price is found to be 4–7 €/kgH2 (4000–7000 $/tonH2) [58] and the results in
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this work are 6600 $/ton, in addition to results of previous investigations involving the
use of energy storage [59]. It should also be taken into account that the model developed
in this work can be applied in any region of the world if the specific configurations of the
network and the options for the production of renewable energy are considered. However,
the availability of data used as parameters in the model could be a limitation for its use.
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6. Conclusions

This work has presented a mathematical programming formulation for the optimal
planning of green hydrogen production within an energy production system considering
economic and environmental concerns. The objective function allows minimizing the total
cost associated with planning that considers costs of operation, capital and electricity trans-
mission; in addition, it allows the function to be restricted by employing a cost associated
with emissions of CO2eq generated with an environmental tax. The proposed model allows
for determining the installation and capacities of the different equipment required in energy
production and green hydrogen in a specific time horizon, such as technologies, energy
storage, electrolyzers and hydrogen storage to meet the energy demand. The model attends
the macroscopic region in specific transmission subregions, allowing the exchange of energy
between them. This structure allows for the efficient management of energy production,
satisfying the energy demand and the fossil fuel used in conventional technologies, supply-
ing a percentage of natural gas with green hydrogen as raw material. Emissions of CO2eq
are related to the production of energy in mainly conventional technologies, so the model
quantifies these. A method of selecting a representative sample of a time horizon was
implemented to characterize the energy demand and the production of renewable resources.
In this project unlike other works, the production of green hydrogen as well as the storage
of energy given by intermittent renewable technologies and the production of conventional
energy in a single network, shows the novelty in the economic and environmental strategic
planning that currently is one of the greatest world challenges to replace fossil fuels with
renewable energy. It is important to mention that it is very useful to perform this type of
study in order to know the system’s behavior before they are applied. It should also be
taken into account that the model developed in this project can be applied in any region of
the world if the specific configurations of the network and the options for the production
of renewable energy are considered. The proposed approach was applied to a specific case
study of Mexico in the peninsula (covering the regions of Grijalva, Tabasco, Campeche,
Mérida, Chetumal, Cancún and Cozumel) to satisfy the energy demand and reduce the
use of natural gas with the production of green hydrogen, where the results show that in
scenario A, the minimum sale price with which the system has the option of producing this
corresponds to 4200 $/tonH2; in addition, the production of hydrogen generates minimal
profits of $6.3572× 105 with a total cost (TC) of $5.1687× 106 and 2.5243 × 105 tonCO2eq in
the environmental aspect. Additionally, an increase of 300 $/tonH2 (4500 $/tonH2) in the
sale price decreases the TC (1.80%), and profits triple and hydrogen production increases
considerably. A selling price analysis is applied where the financial break-even point is
found with a value of 6600 $/tonH2 which involves profits and TC of $3.8643 × 106, and
the system emissions increase by 2.70% concerning scenario A. The results highlight that in
none of the transmission regions is the energy generated locally the only one used to meet
the energy demand, because it is more convenient to carry out interactions with other re-
gions. It is also notable that additionally in scenario A, there is a saving of 913.92 tonCO2eq,
to the general hydrogen in a renewable way and not in a conventional way such as methane
steam reforming (MSR). The results support the production of green hydrogen within
the energy system with economic and environmental savings, highlighting the benefits
of considering the proposed methodology. Studying this type of analysis is important to
have a greater number of feasible options for decision-makers seeking reasonable trade-offs
between the economy and the environment. In addition, the mathematical model can be
applied to obtain approximations in the behavior of different energy-producing systems,
which are necessary worldwide.
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Nomenclature

Indexes
g Hydrogen storage
h Electrolyzer
I Electric energy storage
j Power generation technology
jt Conventional power generation technology
jg Conventional natural gas power generation technology as fuel
jc Conventional fuel oil-fuel power generation technology
jrt Renewable energy generation technology
jr Variable renewable energy generation technology
jrh Non-variable renewable energy generation technology
r Geographical area
t Time period
Binary variables
yESS

r,i Binary variable to model the existence of electrical energy storage
ωESS

r,i,t Binary variable to model the charge/discharge of electrical energy storage in
a specific period

yelect
r,h Binary variable to model the existence of electrolyzers

yEHS
r,g Binary variable to model the existence of hydrogen storage

yRENEW
r,jr Binary variable to model the existence of variable renewable technologies

Variables
Capexess Cost of capital of electric power storage, $
Capexelect Cost of capital of electrolyzers, $
CapexEHS Cost of capital of hydrogen storage, $
Capexrenew Capital cost of variable renewable technologies, $
CostcapT Total cost of capital, $
costtrans

t Cost of power transmission, $
CostopT Total operating cost, $
cur,jr,t Energy not used in variable renewable technologies, MWh
cur,jrh,t Energy not used in non-variable renewable technologies, MWh
cur,jrt,t Energy not used in available renewable technologies, MWh
cuT Total untapped energy from available renewable technologies, MWh
eprodemr,j,t Local generation of available technologies, MWh
etransr′ ,r,j,t Energy produced in available technologies and transmitted from one

region to a different one, MWh
edesr,i,t Energy discharged from the electricity storage system, MWh
epr,jt,t Electricity generated by each of the conventional technologies, MWh
epr,jr,t Electricity generated by each of the variable renewable technologies, MWh
eprodemr,jt,t Local generation of conventional technologies, MWh
epr,jc,t Amount of fuel needed in conventional technologies using fuel oil, GJ
epr,jr,t Electricity generated by each of the variable renewable technologies, MWh
eprodemr,jr,t Local generation of variable renewable technologies, MWh
ecarr,jr,i,t Energy charged to the electricity storage system by variable renewable

technologies, MWh
eelecr,jr,t,h Variable renewable energy used by electrolyzers, MWh
etransr,r′ ,jr,t Energy produced in variable renewable technologies and transmitted from

one region to a different region, MWh
etransr,r′ ,jt,t Energy produced in conventional technologies and transmitted from one

region to a different one, MWh
epr,jg,t Amount of fuel needed in conventional technologies using natural gas, GJ
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epr,jrh,t Electricity generated by each of the non-variable renewable technologies, MWh
eprodemr,jrh,t Local generation of non-variable renewable technologies, MWh
ecarr,jrh,i,t Energy charged to the electricity storage system by non-variable renewable

technologies, MWh
eelecr,jrh,t,h Non-variable renewable energy used by electrolyzers, MWh
etransr,r′ ,jrh,t Energy produced in non-variable renewable technologies and transmitted

from one region to a different one, MWh
ealmr,i,t Amount of energy contained in storage systems, MWh
ecarr,jrt,i,t Energy charged to the electricity storage system by available renewable

technologies, MWh
edesr,i,t Energy discharged from the electricity storage system, MWh
eelecr,jrt,h,t Renewable energy from available technologies used by electrolyzers, MWh
Emisiones Total emissions generated by conventional technologies, tonCO2eq
epr,jrt,t Electricity generated by each of the renewable technologies, MWh
icelect

r,h Electrolyzer capacity, MW
icEHS

r,g Hydrogen storage capacity, tonH2
icessr,i Storage system capacity, MW
icrenew

r,jr Capacity of variable renewable technologies, MW
mgasr,jg,t Mass of natural gas used by conventional technologies, ton of natural gas
mH2,burn

r,h,jg,t Mass of hydrogen using conventional natural gas technologies, tonH2

mcomr,jc,t Fuel oil mass used by conventional technologies, ton of fuel oil
mH2,gen

r,h,t Mass of hydrogen generated in electrolyzers, tonH2

mEHS
r,g,t Mass of stored hydrogen, tonH2

opexconv
t Cost of energy production in conventional technologies, $

opexrenw
t Cost of energy production in renewable technologies, $

Opexess
t Operational cost of energy storage, $

Opexelect
t Operational cost of electrolyzers, $

OpexEHS
t Operational cost of hydrogen storage, $

Pro f itH2,gen Profits obtained from the sale of hydrogen, $
TC Total cost, $
umdemr,t Energy not supplied to each of the regions, MWh
umdemT Total energy not supplied, MWh
Parameters
CAPRODr,jt,t Production capacity of conventional technologies, MW
CAPRODr,jr,t Production capacity of variable renewable technologies, MW
CFr,jr,t Capacity factor of available renewable technologies, MWh/MW
CMINRENOWr,jr Minimum production capacity to consider the installation of variable

renewable technologies, MW
CMAXRENOWr,jr Maximum production capacity to consider the installation of variable

renewable technologies, MW
CMINESSr,i Minimum storage capacity for consideration of the installation of electric

power storage, MW
CMAXESSr,i Maximum storage capacity to be considered for the installation of electric

energy storage, MW
CAPDESCr,i Percentage of capacity that can be discharged by energy storage
CMINelect

r,h Minimum capacity to consider electrolyzer installation, MW
CMAXelect

r,h Maximum capacity for electrolyzer installation to be considered, MW
CMINEHS Minimum capacity to be considered for the installation of hydrogen storage,

tonH2
CMAXEHS Maximum capacity to consider the installation of hydrogen storage, tonH2
CT Transmission link capacity from one region to another, MWh
CPRODjt Variable cost of production in conventional technologies, $/MWh
CPRODjrt Variable cost of production in renewable technologies, $/MWh
CTRANSr,r′ Unit cost of power transmission from one region to another, $/MWh
EALM0

r,i Energy contained in energy storages at time zero, MWh
EDEM Electricity demand, MWh
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EMISjc Emission factor of CO2 emissions equivalents generated into the atmosphere
by the amount of fuel oil used, tonCO2eq/ton of fuel oil

EMISjg Emission factor of CO2 emissions equivalents generated into the atmosphere
per amount of natural gas used, tonCO2eq/ton of natural gas

FCESS
i Unit cost of installing electric power storage, $/MW

FCelect
h Unit cost of electrolyzer installation, $/MW

FCEHS
g Unit cost of installing hydrogen storage, $/tonH2

FCrenow
jr Unit cost of installation of variable renewable technologies, $/MW

Kinv Factor used to annualize the equipment investment
LHVC Low calorific value of fuel oil, GJ/ton of fuel oil
LHVH Low calorific value of hydrogen, GJ/tonH2
LHVG Low calorific value of natural gas, GJ/ton of natural gas
MEHS

r,0,g Amount of hydrogen contained in the storage at the initial time, tonH2

MAXPRODr,jt,t Maximum production capacity of conventional technologies, MW
MINPRODr,jt,t Minimum production capacity of conventional technologies, MW
PVelect

h Unit sale price of green hydrogen in each of the electrolyzers, $/tonH2
RDMAXjt Fraction of installed capacity that can be reduced over a period
RUMAXjt Fraction of installed capacity that can be increased over a period
UCess−CV−O&M

i Variable operation and maintenance cost in energy storage, $/MWh
UCess−CF−O&M

i Fixed operation and maintenance cost in energy storage, $
UCelect

h Unit operating cost of electrolyzers, $/tonH2
UCEHS

g Unit operating cost of hydrogen storage, $/tonH2
UUMDEMT Unit tax on unsupplied energy, $/MWh
UCUT Unit tax on unused energy, $/MWh
UCARBONTAX Environmental tax on emissions of CO2 equivalents, $/tonCO2eq
ηcar

i Load efficiency in electrical energy storage systems
ηdes

i Discharge efficiency in electrical energy storage systems
ηtrans Electricity transmission efficiency
ηelect

h Efficiency of electrolyzers
ηconvotr

jc Thermal efficiency of fuel oil to electricity
η

convgas
jg Thermal efficiency from natural gas to electricity

ηconvH2
jg Thermal efficiency from hydrogen to electricity
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