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Abstract: This paper presents an economic impact analysis and carbon footprint study of a hydrogen-
based microgrid. The economic impact is evaluated with respect to investment costs, operation and
maintenance (O&M) costs, as well as savings, taking into account two different energy management
strategies (EMSs): a hydrogen-based priority strategy and a battery-based priority strategy. The
research was carried out in a real microgrid located at the University of Huelva, in southwestern
Spain. The results (which can be extrapolated to microgrids with a similar architecture) show that,
although both strategies have the same initial investment costs (EUR 52,339.78), at the end of the
microgrid lifespan, the hydrogen-based strategy requires higher replacement costs (EUR 74,177.4
vs. 17,537.88) and operation and maintenance costs (EUR 35,254.03 vs. 34,877.08), however, it
provides better annual savings (EUR 36,753.05 vs. 36,282.58) and a lower carbon footprint (98.15% vs.
95.73% CO, savings) than the battery-based strategy. Furthermore, in a scenario where CO, emission
prices are increasing, the hydrogen-based strategy will bring even higher annual cost savings in the
coming years.

Keywords: hydrogen-based microgrid; economic impact; carbon footprint analysis; energy management
policies; hydrogen-based priority strategy; battery-based priority strategy

1. Introduction

As a result of population and economic growth, global energy demand (due, among
other reasons, to a higher percentage of the population having access to electricity) is
increasing [1,2]. To meet this energy demand, fossil fuels are used to a large extent, which
has a negative impact on air pollution and climate change. To reduce the use of fossil fuels,
different renewable energy sources (RESs) [3,4] have been proposed as alternatives, but
one of the major problems associated with them is that, due to their randomness, they are
not available all the time. Thus, a possible solution is to store renewable energy when there
is a surplus for use when there is a shortage [3,5,6].

Accordingly, in RES-based microgrids, energy storage systems (ESSs) [7] are essential
to guarantee the load demand at all times. Batteries are usually the most common solu-
tion [8,9], even hybridised with a diesel generator [10] or water pumping technologies [11].
But, although the most common small- and medium-scale ESSs are batteries, hydrogen
storage has some advantages over batteries and, in fact, is becoming increasingly impor-
tant [12]. For example, the lower heating value (LHV) of hydrogen is very high, namely
120 MJ /kg [13], so it can be stored for use in long-term operation [14]. In this sense, hybrid
storage based on hydrogen (long term) and battery (short and medium term) systems in
microgrids seems to be the solution to satisfy the load demand and overcome the drawback
of the intermittent nature of RESs.
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Given that the scientific literature has demonstrated that renewable-based microgrids
hybridising hydrogen and battery storage as an ESS are technically feasible [15], the time
has come to perform a cost assessment and a carbon footprint analysis to study how to
make this type of plant more economically and environmentally viable. For this purpose,
the literature offers different options: from a sensitivity analysis of the investment costs and
the selling price of hydrogen in the gas network [16] to a simulation study analysing the
influence of system capacity and price on the operating cost [17]. In ref. [18], a mixed-integer
linear programming model to study the CO, savings and fuel prices (compared to a diesel
benchmark) of a microgrid operating as a fuelling station is presented, and ref. [19] focuses
on the study of the cost-effectiveness and environmental impact of a hypothetical microgrid
located on an island compared to the country’s national grid. The work presented in
ref. [20] has the particularity of solving the ESS by hybridising a hydrogen and heat storage
system, avoiding the use of batteries. To solve the proposed optimisation model, the study
uses weighted model predictive control (weighted MPC). In ref. [21], a resilience-oriented
optimisation for microgrids with an ESS composed of hydrogen and batteries is studied. In
this case, the problem is formulated using stochastic MPC (SMPC) techniques to control
the possible transitions between grid-connected and islanded modes, which allows for
increasing the economic revenues and maximising the lifetime of the systems taking into
account the systems’ operating costs [21]. Also using MPC theory, ref. [22] presents a greedy
energy management strategy (EMS) for a hybrid hydrogen- and battery-based microgrid
to reduce load losses, energy costs, and investment costs. Finally, in ref. [23], the authors
develop a deep deterministic policy gradient algorithm to reduce the operating costs of a
microgrid with hydrogen storage by simulation, compared to traditional algorithms.

In this paper, the authors propose an econometric evaluation and carbon footprint
analysis of a hybrid microgrid based on hydrogen and batteries using renewable energy
sources for power generation, taking into account the costs of investment, operation, and
maintenance (O&M) costs, as well as those related to the replacement of its elements. The
study was carried out by differentiating between two different forms of microgrid control
(EMSs): a hydrogen-based priority strategy and a battery-based priority strategy, which
allowed an economic comparison between the two. The carbon footprint was obtained
from the Spanish electricity mix (origin of electricity in the main grid) taking into account
the amount of energy purchased by the microgrid from the main grid.

Compared to the analysed references, the main novelty of this paper is that it studies
all the costs involved: investment, O&M, and replacement costs (in conjunction with the
time in which they occur), as well as the annual savings of the whole microgrid and of
each of its systems, considering the actual operating time according to each EMS. In that
sense, no similar approach has been found in the scientific literature. Previous works,
such as ref. [22], resort to performing an annual profit analysis, while others, such as
refs. [16,18,21], carry out economic studies based on the theoretical lifespan or degradation
of each element supplied by the manufacturer, but without considering the actual operating
time of each element. Although most of the previous works consider replacement costs
based on the lifespan and degradation rate defined by equipment manufacturers, in practice
this consideration would lead to approximate but not accurate results since the replacement
of an element depends on the accumulated degradation suffered, and this depends on the
EMSs that control the microgrid performance. Therefore, for a true economic analysis, it is
necessary to take into account the actual replacement cost based on the actual operating
hours of each element of the microgrid, which depends on the EMS used. Finally, with the
exception of ref. [18], carbon footprint analysis is not addressed in the analysed references.

Based on the literature review, there are works where investment costs, O&M costs,
as well as annual benefits of the microgrid are studied, but no papers were found that
included replacement costs taking into account the EMS used. Moreover, no previous
work has studied the carbon footprint of a microgrid, considering the EMS. In this sense,
the research gap addressed in this paper is that an econometric evaluation of a hydrogen-
based microgrid is presented. It takes into account the end-of-lifespan replacements of the
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elements that make up the microgrid according to two different EMSs: hydrogen-based
priority or battery-based priority. An analysis of the carbon footprint associated with
the operation of the microgrid according to the priority strategy used is also carried out.
The results obtained on the real microgrid used for this study can be extended to other
microgrids with similar architectures.

Table 1 shows a comparison between the authors’ proposal and the analysed references,
highlighting the main novelties of the present study.

Table 1. Comparison between the authors’ proposal and the scientific literature analysed.

Reference InVCe(s)tsrtnSent O&M Costs F:;%E%ESE;S ?,?:;tasl Fogti))l%int
[16] Yes Yes No * Yes No
[17] Yes Yes No Yes No
[18] Yes Yes No * No Yes
[19] No Yes No Yes No **
[20] Yes Yes No No No
[21] No Yes No * No No
[22] Yes Yes Yes No No
[23] No Yes No No No

?g;g;; Yes Yes Yes Yes Yes

* Replacement costs are calculated but based on the lifespan of the element or its degradation, not on the actual
use due to the EMS. ** The global warming potential (GWP), i.e., the relative potency of a greenhouse gas, taking
into account how long it remains active in the atmosphere, is studied.

The next section describes the materials used and methods followed to develop the
cost analysis carried out in Section 3. The carbon footprint study is detailed in Section 4,
and Sections 5 and 6 include the discussion and conclusions, respectively.

2. Materials and Methods

The microgrid, Figure 1a, used to implement the econometric study produces fully
renewable electricity, in order to guarantee zero-CO, emissions electricity production and
energy storage. It is located at the “La Rabida Campus” of the University of Huelva
(southwestern Spain), and it includes RES production (solar and wind) of tens of kWs,
as well as an ESS hybridised by a hydrogen subsystem (consisting of an electrolyser, a
hydrogen tank, and a fuel cell) of several kWs and a battery bank of tens of kWh.

A high-voltage DC bus (400 VDC) is used to connect the different elements of the
microgrid, which acts as the backbone of the microgrid. The DC bus exchanges power
between sources (most of them are DC) and loads, avoiding problems related to reac-
tive power, and thus improving the performance of the microgrid [24]). Additionally,
single-phase and three-phase AC buses allow RES-based production to power AC loads.
Regarding renewable sources, the photovoltaic (PV) system is made up of three technologies
(monocrystalline, polycrystalline, and thin film) and is connected to the DC and three-phase
AC buses by means of DC/DC and DC/AC converters, respectively. A similar connection
has been established for the horizontal axis wind turbine (WT), with the difference that it
is connected via a DC/AC converter to the single-phase bus (and not to the three-phase
bus). The proton exchange membrane (PEM) fuel cell is connected to the DC bus through
a DC/DC converter that ensures power is regulated to the bus voltage. The battery bank
is directly connected to the DC bus to ensure bus stability [25]. On the load side, a pro-
grammable 15 kW DC load allows any DC bus consumption profile to be simulated in a
practical way. As a complement, a programmable 18 kW AC load can do the same from the
three-phase bus. Finally, as for the hydrogen subsystem, an electrolyser powered by the DC
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bus through a DC/DC converter or by the AC bus through a 3-phase rectifier (which will
transform AC into DC to later power the electrolyser), produces hydrogen that is stored in
a high-pressure tank to be later consumed by the PEM-FC [15]. The EMS is implemented
using an MPC designed ad hoc for this application [26]. All the power electronics and
instrumentation, as well as the EMS (including its local control loops for each element of
the microgrid) shown in Figure 1a, were developed by the authors [27].
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Figure 1. (a) Architecture of the hydrogen-based renewable microgrid at the University of Huelva.
(b) Conceptual diagram of the power balance in the microgrid.

2.1. Microgrid Components
The components of the microgrid shown in Figure 1a are described in detail below,
including the renewable sources, the hydrogen subsystem, and the battery bank.

2.1.1. PV Solar Panels

One of the RESs for power generation in the microgrid is a 15 kW, (peak kilowatts)
PV field (installed on the rooftop), which can be divided into three sub-fields of 5 kW,
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each implemented in a different technology: monocrystalline, polycrystalline, and Si-based
amorphous thin film.

2.1.2. Wind Turbine

The other RES for power generation in the microgrid is a 3 kW, horizontal axis wind
turbine that is also installed on the rooftop, next to the PV field.

2.1.3. Electrolyser

To take advantage of the energy excess (which occurs when RES production is higher
than load demand), the microgrid uses it to produce hydrogen by electrolysis thanks to
a 10 kW, (electric kilowatts) alkaline electrolyser working at a pressure of 30 bar, the
production of which is stored in a tank.

2.1.4. PEM Fuel Cell

To meet the demand at times when the RES generation is lower than the demanded
energy (energy deficit), a PEM-FC is used, which can work together with the battery bank
or independently, depending, obviously, on the strategy implemented in the EMS. Its rated
power is 3.4 kWe.

2.1.5. Compressed Hydrogen Storage Tank

To store the hydrogen produced by the alkaline electrolyser, the microgrid includes a
hydrogen storage tank with a nominal pressure of 30 bar and a capacity of 1.044 m3. For the
EMS implementation in the microgrid controller, to obtain the hydrogen mass capacity of
the tank, the authors use the ideal gas law (which can be used because hydrogen behaves as
an ideal gas at pressures below 100 atm [28]). From here, the number of moles of hydrogen
contained in the tank can be obtained by Equation (1) [28,29].

ptVi

ptVi = mRT} — ny = RT, 1)

where

pt is the tank pressure (30-10° Pa);

ny is the number of moles contained in the tank (mol);

V; is the tank volume (1.044 m3);

R is the ideal gas constant (8.31 J/(mol-K));

T; is the temperature of the gas contained in the tank (300 K).

The number of moles of hydrogen contained in the tank can be expressed by Equation (2) [28].

m
= v

where

my is the mass of the gas contained in the tank (kg);
M is the hydrogen molar mass (0.002 kg /mol).
After substituting values, the mass contained in the tank can be obtained by Equation (3).

k.
M 0.002-8..30-10°Pa-1.044 m3
= Mpebi_ 20 mal — 251 kg ®)
RT; 831-J 300K

mol-K

mi

2.1.6. Lead—Acid Battery

During periods of excess RES production, surplus energy can be stored in a battery
bank consisting of 34 lead—acid batteries, each with a capacity of 100 Ah and 12 V, amount-
ing to a total energy storage capacity of 40.8 kWh. In addition, when the energy production
from the PV panels and WT is not enough, the battery bank can supply the load demand,
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either independently or in conjunction with the hydrogen subsystem, obviously depending
on the EMS implemented.
Table 2 summarises the technical parameters of the microgrid elements.

Table 2. Summary of microgrid elements.

Element Parameters Model
Lead-acid battery 100 Ah (40.8 kWh) U-Power® UP100-12
Electrolyser 10 kW, H2 Nitidor® 0074-01-PMO-001
H, tank 30 bar, 1.044 m3, 2.51 kg H, (300 K) Lapesa® LSP1000H
PEM FC 3.4 kWe Ballard® FCgen 1020ACS
Wind turbine 3 kW, Enair® E-30PRO
Solar PV mono-Si-based panels 5 kWp, Isofoton® ISF-250
Solar PV poly-Si-based panels 5 kWp, Atersa® A-230P
Solar PV thin-film a-Si-based panels 5 kWp, Schott® ASI 100

2.2. Energy Management Strateqy (EMS): Priority Based on Hydrogen or on Batteries

Based on Figure 1b and taking into account that the RESs are always supplying power
to the microgrid (whenever available, of course), the decisions to be taken by the EMS will
be based on Equation (4).

Puet = Pres — Plogd 4)

where

Pyt net available power (W); Pyt < 0 means energy deficit, while Py; > 0 means
energy excess;

Prrs: power injected to the DC bus from PV and/or WT production (W); Pres > 0 is
always true;

Pjoqq: power extracted from the DC bus due to load demand (W); Py, < 0 is always true.

The sign criterion adopted for power balance (please see Figure 1b and Equation (4))
means that if P > 0, power is injected into the DC bus, while if P < 0, power is extracted
from the DC bus.

The implemented EMS considers that when there is surplus energy, Pyer > 0, it may be
suitable to sell energy to the main grid if the battery bank has a high state of charge (SOC)
and excess energy cannot be stored in the form of hydrogen because the tank is full. On the
contrary, at times of energy deficit (when P,,; < 0), it is necessary to buy electricity from the
main grid if the load demand cannot be guaranteed with the energy stored in the ESS. To
decide how to store excess energy and how to supply the load demand at times of energy
deficit, two different EMS strategies are presented below, both based on Equation (5) which
is derived from Equation (4) and reflects the diagram in Figure 1b.

Pt:Pnet+Pgrid+PH2+Pbatt:0 ®)

where

Py: total microgrid power (W) understood as the power balance on the DC bus; of course, it
must always be guaranteed that P; = 0;

Peig: power injected into or extracted from the main grid (W); if the power is extracted
from the DC bus to be injected into the main grid, Pyig = Pgrig out < 0; on the other hand,
if the power is injected from the main grid to the DC bus, Py;ig = Pyyig in > 0;

Pp,: power injected into or extracted from the hydrogen subsystem (W); if the power is
extracted from the DC bus to supply the electrolyser, Py, = P,; < 0, while if the power is
injected into the bus via the fuel cell, Py, = Prc > 0;
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Pyat: power injected into or extracted from the battery bank (W); if power is extracted from
the DC bus to recharge the battery bank, Pyt = Ppatt charge < 0, while if power is injected
into the DC bus from the battery bank, Pyust = Ppast discharge > 0-

2.2.1. Hydrogen-Based Priority Strategy

This strategy pursues a prioritisation of the use of the hydrogen subsystem over the bat-
tery bank. To this end, at times of excess renewable power (Py.; > 0) (Figure 2a), the excess
energy will be used to produce hydrogen by the electrolyser as long as the tank pressure,
Ptank is higher than the minimum (1 bar [15]) and lower than the maximum (30 bar [15]),
that is, provided that p,in < Prnk < Pmax, and as long as |Pyet| < |Py| (if this condi-
tion is not satisfied, while SOC,,;;, < SOC < SOCy, the electrolyser and the main grid
will be used to produce hydrogen and to inject the excess power, respectively; and while

|Pret| < |Por|4|Ppast. cn. |, both the battery and the electrolyser will be used, to store energy
and to produce hydrogen, respectively; on the other hand, if SOC,,;;, < SOC < SOC sy and
|Pret| > |Por|+|Ppast. cn. |, apart from the electrolyser and the battery, the main grid will also
be used to inject the excess power). If one of these conditions is not fulfilled, excess energy is
stored in the battery bank as long as its SOC is between its minimum (SOC,;, = 20% [15])
and maximum (SOC4x = 80% [15]), i.e., as long as SOC,;;;, < SOC < SOCjysx and as long
as | Puet| < |Ppatr.cn.| (if the latter condition is not fulfilled, both the battery and the main grid
will be used to store energy and to inject the excess power into the main grid, respectively).
If none of the above conditions are met, the excess energy will be injected into the main grid.
Conversely, at times of renewable power deficit (Pyer < 0), the fuel cell will be responsible
for supplying energy and satisfying the load demand while p,;;, < Prank < Pmax and while
| Pret| < |Prc| (if the latter condition is not fulfilled, while SOC,,;;, < SOC < SOCjyuy, both
the fuel cell and the battery will be used to supply power if |Pyet| < |Prc|+|Ppas. gise. |, if
not, in addition to these two elements, the main grid will also be used to supply power). Oth-
erwise, and if the SOC of the battery is SOC;;, < SOC < SOCax and | Puet| < |Ppastdisc. |,
it will be the battery bank which guarantees the load demand (while if | Pyet| > |Pyastdisc. |,
it will be both the battery and the main grid which will supply power). If none of the above
conditions are met, it will be the main grid which will supply the load demand.

The hydrogen-based priority strategy allows for better performance, due to the greater
amount of energy (kWh) stored in the form of hydrogen compared to batteries. However,
this strategy implies that hydrogen-based equipment runs longer, suffers more degradation,
and, consequently, the equipment must be replaced more frequently.

2.2.2. Battery-Based Priority Strategy

This strategy pursues, whenever necessary, a prioritisation of the use of the battery
bank over the hydrogen subsystem. To this end, at times of renewable power excess
(Puet > 0) (Figure 2b), excess energy will be stored in the battery bank as long as its SOC
is SOCpi, < SOC < SOCyax and as long as |Puet| < |Pyast.cpn.| (f this condition is not
satisfied, while pin < Ptank < Pmax, both the battery and the main grid will be used to
store energy and to inject the excess power, respectively; and while | Pyet| < |Po|+|Poast. ch. |
the excess power will be used to store energy and to produce hydrogen in the battery and
in the electrolyser, respectively; if |Puet| > |Po|+|Ppatt. cn. |, apart from the electrolyser and
the battery, the main grid will also be used to inject the excess power). If the battery
bank is charged, SOC = SOC4x, the excess power is used to produce hydrogen by the
electrolyser as long as the tank pressure is between its minimum and maximum values,
Pmin < Prank < Pmax and as long as |Pyet| < |Py| (if the latter condition is not fulfilled,
both the electrolyser and the main grid will be used to produce hydrogen and to inject
the excess power, respectively). When the hydrogen tank is fully charged, pik > Pmax,
the excess energy is injected into the main grid. Conversely, at times of renewable power
deficit (Pt < 0), the battery bank is mainly responsible for guaranteeing the load demand
as long as its SOC is within its operating range (SOC,,;, < SOC < SOCyx) and as long
as |Puet| < |Ppastdisc.| (if the latter condition is not fulfilled, while p,,i, < p < Pmax, both
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the fuel cell and the battery will be used to supply power if |Puet| < |Prc|+|Ppas. disc. I;
if not, apart from these two elements, the main grid will also be used to supply power).
Otherwise, and if the hydrogen subsystem is in its operating range (p,in < Ptank < Pmax), it
will be the fuel cell which guarantees the load demand as long as | Pyet| < |Prc| (if not, both
the fuel cell and the main grid will provide power). However, if the hydrogen subsystem is
also not in its operating range, the main grid will be ultimately responsible for supplying
the load demand. Figure 2 illustrates both EMSs implemented.
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Figure 2. Flowcharts for (a) the Hy-based priority EMS and (b) the battery-based priority EMS.
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3. Cost Analysis

Depending on the selected EMS, the battery bank and the hydrogen subsystem are
expected to have different operating times and, consequently, will result in different operat-
ing and maintenance costs in the microgrid. Therefore, replacement costs will also depend
on the EMS. In this section, the costs associated with the initial investment of the microgrid,
its operation, and the replacement of its components will be evaluated over a 20-year time
horizon [12]. The cost analysis is performed on a real microgrid in operation, as shown in
Figure la.

3.1. Initial Investment Costs

The microgrid, consisting of the elements described in Section 2, has an associated
initial cost, due to the initial capital expenditures (CAPEX) of each component, Table 3.

Table 3. Initial investment costs for microgrid elements.

Element Units CAPEX Total Cost (2022)
Lead-acid battery 40.8 kWh 200 EUR/kWh [12] EUR 8160
Electrolyser 10 kW 1500 EUR/kKW [12] EUR 15,000
H, tank 251 kg 2000 EUR/kg [12] EUR 5025.27
PEM FC 34 kW 1500 EUR /KW [12] EUR 5100
Wind turbine 3kW 1303.54 EUR /KW [30] EUR 3519.56
PV panels (D 15 kW 1247.79 EUR/kKW [30] EUR 15,534.96
Total initial microgrid investments EUR 52,339.78

@ Total cost = [CAPEX x Units x (1-annual_cost_reduction x number_of_years)]; number_of_years = 2022 — 2019 = 3.
Total cost WT = [CAPEX X Units x (1 — 0.05 x 3)]. Total cost_PV = [CAPEX x Units x (1 — 0.085 x 3)].

Furthermore, the two associated costs of RESs (PV and WT) date from the year 2019
(the three different PV technologies have been considered to have the same associated
costs), so they were updated to 2022 to calculate the total initial investment costs. For this
purpose, it was taken into account that, according to IRENA [30] there is an annual cost
reduction, applied to the discounted capital costs for each year, of 5% for wind power and
8.5% for residential PV power.

3.2. Replacement Costs

Of course, during the lifespan of the microgrid, its elements deteriorate. But depending
on the priority strategy, one element degrades more or less than the other. Except in
exceptional circumstances, the RESs (PV and WT) and the hydrogen tank do not need to
be replaced (their lifespan is greater than or equal to that of the microgrid [12]), and the
focus should be on the electrolyser, the fuel cell, and the battery bank. The first two will
degrade more with the EMS based on the hydrogen priority strategy, while the battery bank
will degrade more with the EMS based on the battery priority strategy. The simulation
identifies when it is time to replace a component based on the strategy applied.

Figure 3 shows the results of the microgrid simulation with each of the EMS strate-
gies [15]. From these results, it is possible to derive Table 4, which shows the number of
hours/year that the battery bank, the electrolyser, and the fuel cell are operating under
each EMS.
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Figure 3. Net power balance graphs for (a) the hydrogen-based priority EMS and (b) the battery-based

priority EMS.
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Table 4. Annual working hours and energy exchanged on the microgrid depending on EMS priority.

Hydrogen-Based Priority EMS Battery-Based Priority EMS

Element Hours Energy (kWh) Hours Energy (kWh)
Lead-acid battery charge 1131 h 946.3 2797 h 4127
Leaﬂ;:g;‘ifga;tery 668.1h 874.6 3115h 3250
Electrolyser 1618.4h 5967 846.1 h 927.6
PEM FC 2794.7 h 2842 133.6 h 175.2

Based on Table 4, and knowing the cumulative degradation of each element, it is
possible to identify the number of replacements required during the microgrid lifespan.

Then, with respect to the battery, the number of operating cycles of the battery during
a whole year, N, ¢.s, can be obtained from Equation (6).

Ey.cha+disch : (Socmax - Socmin)
Ebattery

(6)

Ny.cycles =

where

N,y
Ey.cha+disch: sum of the energy used during a whole year to charge and discharge the battery
(946.3 + 874.6 = 1820.9 kWh for the hydrogen-based priority EMS and 4127 + 3250 = 7377 kWh
for the battery-based priority EMS);

SOC 4y maximum battery SOC (80%);

S5OC,i,,: minimum battery SOC (20%);

Epattery: maximum battery energy storage capacity (40.8 kWh).

cyclest UMber of operating cycles of the battery during one year (cycles/year);

Once this is done, it is possible to know when the battery needs to be replaced.

On the other hand, to calculate the lifespan of the elements, ref. [31] set the maximum
degradation of the electrolyser D,j; ;5. at 10,000 h, and for lead-acid batteries a lifespan of
1500 cycles can be expected [32].

Finally, with respect to the fuel cell, the maximum fuel cell degradation is estimated
to be Dy jyqx = 100 mV/cell, [31]. To calculate when the fuel cell needs to be replaced,
the air-air start degradation per cell (30 uV/start) and the runtime degradation per cell
(12 uV /h) are considered [33]. Taking into account the results of the simulations in Figure 3,
it is possible to count the number of fuel cell starts (361 starts for the hydrogen-based
priority EMS and 60 starts for the battery-based priority EMS). Furthermore, the annual
working hours of the fuel cell can be obtained as a function of each EMS [15]; thus, the
annual degradation of the stack fuel cell can be calculated by Equation (7) [33].

uv

ch = Nstarts'30m

uv
80 cells/stack + Ny, 12h-cell 80 cells /stack 7)

where

Dy.: stack fuel cell degradation (uV/stack);

Nstarts: number of fuel cell starts (361 for hydrogen-based priority EMS and 60 for battery-
based priority EMS);

Nj,: number of fuel cell working hours (from Table 4: 2794.7 h for hydrogen-based priority
EMS and 133.6 h for battery-based priority EMS).
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As mentioned, for the PEM-FC, the maximum cell degradation is 100 mV /cell, so
taking into account that the stack has 80 cells, the maximum stack degradation will be
8000 mV /stack; therefore, knowing the annual stack degradation, it is easy to obtain the
time when it will be necessary to replace the fuel cell depending on the priority of each
EMS. Table 5 shows the calculated data for the time at which it is necessary to replace each
element depending on the EMS used, together with the number of replacements of each
element over the time horizon of the microgrid (20 years).

Table 5. Frequency and number of replacements over the time horizon of the microgrid (20 years).

H,-Based Priority EMS Battery-Based Priority EMS
Maximum Replacement Number of Replacement Number of
Element Element Annua! Frequency Replacements Annu# Frequency Replacements
Degradation Degradation (Years) (in 20 Years) Degradation (Years) (in 20 Years)
Battery bank 1500 cycles [32] 26.8 cycles >20 0 108.5 cycles 13.83 1
Electrolyser 10,000 h [31] 1617.8 h 6.18 3 846.1 h 11.82 1
Fuel cell 8000 mV /stack [33] n?\EL;thaik 2.25 8 m%/7/zslf:ck >20 0
Once the frequency of element replacements required based on the EMS used has been
obtained, it is time to calculate the costs associated with the replacement. For this purpose,
the evolution of the costs of the different elements can be extracted from [34]. That study
establishes, in the case of the electrolyser, a 9% cost reduction over the 2020-2030 decade.
On the other hand, ref. [35] establishes a reduction in the cost of fuel cells of about 17% for
the same decade, while battery prices will be reduced by 39%. The replacement costs of the
microgrid over its lifespan, based on the operating EMS, are presented in Table 6.
Table 6. Replacement costs for the microgrid over its lifespan based on the operating EMS.
Hydrogen-Based Priority EMS Battery-Based Priority EMS
Hement IS Sl e Rmont STESE tphamot STl
(in 20 Years) (in 20 Years)
Battery bank 8160 39 [35] 3.9 0 0 1 4022.88
Electrolyser 15,000 9 [34] 0.9 3 40,140 1 13,515
Fuel cell 5100 17 [35] 17 8 34,037.4 0 0
Total replacement costs (EUR) 74,1774 17,537.88

M See Table 3. @ Annual cost reduction is considered as one-tenth of the cost reduction over
a decade. © Replacement Costs = Initialwsts-loo7Anualm"”’“C“fé’dREplacementf”’q“e"“y. Battery: Battery-
based priority—Replacement Costs = 8160~% = EUR 4022.88. Electrolyser: Hj-based
priority—Replacement Costs = 15000-1005096 1 15000.10050912  15000. 10070918 —  EUR 40140.
Battery-based priority— Replacement Costs = 15000~W = EUR 13515. Fuel Cell: Hj-based
priority— Replacement Costs =  5100- 10055172 4 5100- 100174 4 5100- 10176 4+ 5100 10179 4
5100- 100 L7114 57100. 1002713 4 5100- 100715 4 5100. 19014718 — EUR 34037 4.

Figure 4 shows the evolution of the cost of the microgrid components that are replaced
during its lifespan (electrolyser for both EMSs, PEM FC for the hydrogen-based priority
EMS and the lead-acid battery bank for the battery-based priority EMS), [34,35]. Thanks
to technological research and development, as well as marketing, the cost of components
decreases over time.
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Figure 4. Expected evolution of the replacement cost over the lifespan of the microgrid of (a) alkaline
electrolyser; (b) PEM FC; (c) Lead—acid battery bank.
3.3. Operation and Maintenance (O&M) Costs
Apart from replacement costs, microgrid components have associated costs due to
operation and maintenance (O&M). Table 7 presents the initial O&M costs for the different
components of the microgrid (these costs will be reduced after replacements, due to the
reduction in the CAPEX):
Table 7. Initial annual O&M costs of the different elements of the microgrid.
Element Units Initial Costs (EUR) (¥ O&M Costs Total O&M Costs (EUR/Year)
Battery bank 40.8 kWh 8160 5% CAPEX/y [12] EUR 408
Electrolyser 10 kW 15,000 5% CAPEX/y [12] EUR 750
H, tank 2.51 kg 5025.27 2% CAPEX/y [12] EUR 100.51
Fuel cell 34 kW 5100 5% CAPEX/y [12] EUR 255
Wind turbine 3kW 3519.56 29.20 EUR/kW [30] EUR 87.60
PV panels 15 kW 15,534.96 16.37 EUR/kKW [30] EUR 245.55
EUR 1849.67

Total initial annual O&M costs of microgrid

@) See Table 3.

Although the initial annual O&M costs in the microgrid are the same for both EMSs,
different replacements over its lifespan will imply different O&M costs. Table 8 shows the
annual O&M costs over the microgrid lifespan. Figure 5 shows the evolution of O&M costs
as a function of EMS over the lifespan of the microgrid. Note that up to year 12, the O&M
of the microgrid governed by the hydrogen-based priority EMS is cheaper. However, due
to the decrease in replacement CAPEX and the consequent reduction in O&M costs, at the
end of the microgrid lifespan, both EMSs generate similar costs (see Table 8).
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Table 8. Evolution of O&M costs as a function of EMS.

Year O&M Costs (EUR/Year) O&M Costs (EUR/Year)
Hydrogen-Based Priority EMS Battery-Based Priority EMS
Years 0-1 1849.67 1849.67
Years 2-3 1841.00 1849.67
Years 4-5 1832.33 1849.67
Years 6-8 1783.16 1849.67
Years 9-10 1770.15 1849.67
Year 11 1761.48 1775.42
Year 12 1720.98 1775.42
Years 13-14 1712.31 1568.56
Years 15-17 1703.64 1568.56
Years 18-19 1650.14 1568.56
Total O&M costs during
the lifespan of the 35,254.03 34,877.08
microgrid (EUR)

O&M costs evolutionbased on EMS

Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year

0

1

2

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time (year)

B H2 priority O&M M Battery priority O&M

Figure 5. Evolution of O&M costs for the hydrogen-based priority (blue) EMS and the battery-based
priority (orange) EMS.

3.4. Cost Savings and Energy Trading

The electricity production by the microgrid implies cost savings because it means
that it is not necessary to buy electricity from the main grid. On the other hand, in times
of energy surplus in the microgrid, the energy excess not stored is sold to the main grid.
On the contrary, in times of energy deficit, in order to guarantee the load demand, it is
necessary to buy electricity from the main grid. Table 9 shows the annual cost savings and
energy trading of the microgrid with the main grid depending on the EMS used. However,
the trend is reversed when hydrogen element substitutions, the electrolyser and the fuel
cell, begin to occur.
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Table 9. Annual cost savings and energy trading of the microgrid depending on the EMS used.

Hydrogen-Based Priority EMS Battery-Based Priority EMS
Unit Costs (EUR/kWh) Energy (kWh) @  Savings (EUR)  Energy (kWh) @  Savings (EUR)
Load demand - 12,050 - 12,050 -
Battery bank 0.136 [12] 874.6 118.95 3250 442.00
discharge
Fuel cell 0.136 [12] 2842 386.51 175.2 23.83
Grid in —0.136 [12] 223.3 -30.37 514.6 —69.99
RES 0.136 [12] 8110.1 1102.96 8110.2 1100.51
Grid out 0.03 [12] 8653 259.59 10,510 315.3
Total annual savings 1837.65 1814.13

(@) See Table 4.

To obtain energy savings, the energy generated by the RESs (PV and WT) has been
considered, as well as the supply from the battery bank and the fuel cell, since these last
two elements are the ones that provide energy to the microgrid in times of RES deficit. The
negative sign in Table 9 implies the purchase of energy from the main grid, which occurs
when the microgrid is not able to meet the demand of the loads by its own means.

3.5. Economic Analysis of the Microgrid

As seen above, although the initial investments and initial O&M costs in the microgrid
are the same for both EMSs, the replacement costs are different for each strategy (each
EMS priority involves a different number of replacements), as well as the O&M costs and
the annual cost savings over the microgrid lifespan. This section analyses these different
aspects to study the economic behaviour of the microgrid as a function of the EMS that
governs it. Figure 6 shows the analysis carried out, in which negative values mean costs.

In the economic analysis carried out, a slight advantage of the hydrogen-based priority
EMS over the battery-based priority EMS in terms of O&M annual costs and annual savings
is observed. Thus, according to Figure 6 and Table 8, the annual O&M costs vary between
EUR 1849.67 and 1650.14 for the hydrogen-based priority EMS, and between EUR 1849.67
and 1568.56 for the battery-based priority EMS. The annual savings (Table 9) are EUR
1837.65 for the hydrogen-based priority EMS vs. EUR 1814.13 for the battery-based priority
EMS. However, in terms of investment costs, the battery-based priority EMS has a clear
advantage over the hydrogen-based priority strategy. Table 10 summarises the annual and
total costs and savings depending on the EMS applied.

Table 10. Annual and total costs and savings of the microgrid depending on the EMS applied.

H,-Based Priority EMS Battery-Based

Priority EMS
Initial investment costs (EUR) EUR 52,339.78
Annual average EUR 1762.70 EUR 1743.85
O&M costs (EUR)
Total (20 years) EUR 35,254.03 EUR 34,877.08
Replacement costs (EUR) Total (20 years) EUR 74,177.40 EUR 17,537.88
Annual EUR 1837.65 EUR 1814.13
Cost savings (EUR)

Total (20 years) EUR 36,753.05 EUR 36,282.58
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Figure 6. Economic performance of the microgrid with (a) the hydrogen-based priority EMS and
(b) the battery-based priority EMS.

3.6. Expected Economic Scenario

As seen above, for both EMSs, the annual O&M costs are practically equal to annual
cost savings (in fact, annual O&M costs are slightly higher in the early years). Due to high
investment and replacement costs (mainly for hydrogen equipment that is replaced during
the lifespan of the microgrid), hydrogen-based technology remains an economic challenge.
However, to use an analogy, technologies such as wind energy have experienced consid-
erable cost reductions over time. Thus, the cost of onshore wind projects has decreased
by 72% between 1983 and 2019, from 4583.19 EUR/kW to 1303.54 EUR /KW [30]. If this
drop in costs is assumed for hydrogen technology (electrolyser, hydrogen tank, and fuel
cells), there is a huge change in the initial investment and initial O&M costs, making this
technology an economically attractive solution (Table 11).
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Table 11. Expected scenario for initial investment and O&M costs.

Total Cost Reduction
Current Scenario Target Scenario Needed to Achieve the
Target Scenario (%)
FC: 5100 FC: 1428
TANK: 5025.27 TANK: 1407.08
P ELECTROLYSER: 15,000 ELECTROLYSER: 4200
Initlal invest. 5, 539 7 34,249.59 3456
costs (EUR) BATT: 8160 BATT: 8160
PV:15,534.96 PV: 15,534.96
WT: 3519.56 WT: 3519.56
FC: 255 FC:71.4
TANK: 100.51 TANK: 28.14
Initial annual ELECTROLYSER: 750 ELECTROLYSER: 210
O&M costs 1849.67 ) 1053.70 ) 43.03
(EUR) BATT: 408 BATT: 408
PV: 247.77 PV: 247.77
WT: 88.39 WT: 88.39

In this sense, a target scenario was established in which a cost reduction equivalent to
72% of the current cost of hydrogen technologies was applied to the initial investments in
the fuel cell, electrolyser, and hydrogen storage tank. As a result, annual O&M costs have
been reduced by 72%, while the costs associated with RESs and batteries are considered to
remain unchanged.

Considering this expected scenario (in which the initial investment costs associated
with the hydrogen equipment and the annual O&M costs are changed, but taking the same
annual cost reduction already considered above ([34,35]) over the lifespan of the microgrid),
it can be seen that, for both EMSs, the cost savings are considerably higher than the annual
O&M costs (Figure 7).

H,-based priority EMS economicbehaviourin the expected scenario
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Figure 7. Cont.
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Battery-based priority EMS economic behaviourin the expected scenario
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Figure 7. Economic behaviour of the expected scenario for (a) the hydrogen-based priority EMS and
(b) the battery-based priority EMS.

4. Carbon Footprint Analysis

The renewable hydrogen-based microgrid described in this study pursues energy
production with zero CO, emissions. In this sense, this microgrid will only have CO,
emissions at times of energy deficit, since these are the times when electricity is bought
from the main grid, and this, as usual, is considered to have associated CO, emissions.
In [36], it is noted that the Spanish carbon footprint associated with electricity and heat
generation in 2020 was 150 g CO, /kWh, while it was 140 g CO,/kWh and 160 g CO,/kWh
for the years 2021 and 2022, respectively. These data are provided to discuss the Spanish
electricity market exclusively (one of the world’s most decarbonised), although the authors
are aware that the discussion would be much more favourable if extrapolated to other parts
of the world. Table 12 and Figure 8 show, for the years 2020, 2021, and 2022, the reduction
in the carbon footprint of the proposed microgrid with respect to an identical one (referring
to loads obviously without renewable generation or storage systems) with exactly the same
annual load demand (12,050 kWh) but supplied entirely by the Spanish electricity grid.

Table 12. Carbon footprint of the proposed microgrid for the years 2020, 2021, and 2022, compared to
if the same loads with the same consumption were supplied entirely by the Spanish electricity grid.

Spanish Spanish Spanish
Electricity Electricity Electricity
. Carbon Carbqn % CO, Carbon Carbo.n % CO, Carbon Carbqn % CO,
Consumption . Footprint . . Footprint . . Footprint .
EMS Footprint Savings Footprint Savings Footprint Savings
(wh) kgCo,  k8CO 2020 kgCo,  k8CO) 2021 (kg CO,) tkg CO2) 2022
g Year 2020 g Year 2021 g Year 2022
Year Year Year
2020 [36] 2021 [36] 2022 [36]
Microgrid with
hyf;;’egde“' 2233 0.15 33.495 98.15 0.14 31.262 98.15 0.16 35.728 98.15
priority
Microgrid with
battery-based 514.6 0.15 77.19 95.73 0.14 72.044 95.73 0.16 82.336 95.73

priority
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Table 12. Cont.

Spanish Spanish Spanish
Electricity Electricity Electricity
. Carbon Carbon o 0, Carbon Carbon o 0, Carbon Carbon % CO,
EMS Con(skl;x\llllstlon Footprint fﬁgtggl;)t Savings Footprint fﬁgtggr;)t Savings Footprint I:Itgtggtzl)t Savings

kg CO2)  year2020 2020 (kg CO2)  yeir 2021 2021 kg CO)  yeir2022 2022
Year Year Year

2020 [36] 2021 [36] 2022 [36]
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connection to 12,050 0.15 1807.5 - 0.14 1687 - 0.16 1928 -
the main
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Figure 8. Carbon footprint of the proposed microgrid for the years 2020, 2021, and 2022, compared to

if the same loads with the same consumption were supplied entirely by the Spanish electricity grid.

As can be seen from Table 12 and Figure 8, whichever EMS is used, the carbon footprint
of the proposed microgrid decreases over the three years.

Furthermore, by 2020, CO, emission costs were 35.40-70.80 EUR/tCO, [37] (that is,
0.0354-0.0708 EUR/kgCO5). Because of that, emitting CO, has not only an environmental
impact but also an economic impact. Table 13 reflects the economic impact associated with
CO; emissions for both the EMSs and the traditional connection to the main electrical
grid (where the same CO; emission costs have been considered for the years 2020, 2021,
and 2022).

Table 13. CO, emission costs based on the EMS for the years 2020, 2021, and 2022.
Carbon Carbon Carbon
Avplication Footprint (k CO, Emission Footprint (kg CO, Emission Footprint (kg CO; Emission
PP co )I;(ear sowy  Costs 2020 (EUR) COy) Costs 2021 (EUR) COy) Costs 2022 (EUR)
2 Year 2021 Year 2022
Hydrogen-based 33.495 1.19-2.37 31.262 1.11-2.21 35.728 1.26-2.53
priority
Battery-based priority 77.19 2.73-5.47 72.044 2.55-5.10 82.336 2.91-5.83
Loads connected to 1807.5 63.99-127.97 1687 59.72-119.44 1928 68.25-136.50

the electrical grid

5. Discussion

Based on the developed cost analysis, it can be observed that although the initial
investment costs in the microgrid are the same, EUR 52,339.78 (Table 3), the selected EMS
leads to different results depending on the priority. The first noticeable difference is the



Electronics 2023, 12, 3703

20 of 25

working hours of each element. From Figure 3, it is possible to build Table 4, which shows
that the battery bank operates only for 1799.1 h/year when the priority is hydrogen, while
this same element increases its working time up to 5912 h when the priority is the battery.
Regarding the electrolyser and fuel cell, they operate for 1618.4 h and 2794.7 h, respectively,
under the hydrogen-based priority EMS, while under the battery-based priority EMS,
the electrolyser reduces its activity by 50% (846.1 h), and the fuel cell operates at only
4% (133.6 h) with respect to hydrogen-based priority.

This difference in operating hours has a direct influence on the calculation of the
number of replacements of each element required over the lifespan of the microgrid
(Table 5). The electrolyser will be replaced three times and the fuel cell eight times when
the microgrid works under the hydrogen priority, while under the battery priority, the fuel
cell will not be replaced over the whole lifespan, the electrolyser will be replaced only one
time, and the battery bank will need to be substituted by the middle of the lifespan.

Additionally, as shown in Table 6, replacement costs will become cheaper over
time [34,35] thanks to advances in research, development, and commercialisation; thus,
their amounts will reach EUR 74,177 .4 for the hydrogen-based priority strategy and EUR
17,537.88 for the battery-based priority strategy. As CAPEX decreases over time, the O&M
costs associated with the microgrid elements will also decrease (Figure 4). Thus, according
to the initial O&M costs (Table 7) and the updated O&M costs over the lifespan (Table 8), it
is possible to obtain Figure 5. This figure shows that the decrease in O&M costs over the
microgrid lifespan will be more noticeable in the case of the battery-based priority strategy.

On the other hand, as can be seen in Table 9, the hydrogen-based priority strategy
offers slightly higher annual savings: EUR 1837.65/year compared to EUR 1814.13/year
for the battery-based priority strategy.

Once the initial investment, O&M, and replacement costs are obtained, it is possible
to illustrate in Figure 6 and Table 10 the economic behaviour of the microgrid, over its
whole lifespan and for each EMS priority. Table 10 shows that whatever EMS is used, the
total cost savings (EUR 36,753.05 for the Hj-based priority EMS and EUR 36,282.58 for
the battery-based priority EMS) do not offset the initial investment (EUR 52,339.78) and
the cost savings hardly manage to cover the O&M costs (EUR 35,254.03 for the H,-based
priority EMS and EUR 34,877.08 for the battery-based priority EMS) at current prices.

However, a significant reduction in investment and O&M costs in the near future is
expected (Table 11 and Figure 7). Then, the cost savings are considerably higher than the
annual O&M costs. This type of microgrid could be economically viable.

In order to sum up both the investment costs and O&M costs of the different elements
in the microgrid in terms of the energy used/produced/stored (as applicable) by each
and every one of these elements during the lifetime of the microgrid, based on the EMS
implemented, Tables 14 and 15 provide cost/energy taxes, in order to demonstrate which
EMS has the highest unitary costs (per unit of energy) associated with it.

Table 14. Unitary investment costs per energy (EUR/kWh) based on the EMS implemented.

H,-Based Priority Battery-Based Priority
Floment ot By G (i G Sttt ey aavn @ i o
RES 19,054.52 162,202 0.117 19,054.52 162,202 0.117
ALKEL 55140 119,340 0.462 28515 18,552 1.537
PEM-FC 39,137.4 56,840 0.689 5100 3504 1.455
Battery 8160 17,492 0.466 12,182.88 65,000 0.187
H, tank 5025.27 72,385 ©) 0.069 5025.27 11,253 © 0.447
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Table 14. Cont.
H,-Based Priority Battery-Based Priority
Investment Unitary Costs Investment Unitary Costs
@ y @ ry
Element (15 (gUR) @ Enersy (kWh) (EUR/kWh)  Costs (EUR) @  Energy (kWh) (EUR/KWh)
Total 126,517.19 428,259 0.295 69,877.67 260,511 0.268
(M See Tables 3 and 6. Inv.costs;(EUR) = Initialinv.costs;(EUR) + Rep.costs;(EUR). @ See Tables 4 and 9.
Ei(kWh) = Eanpuar, (%) “Ticrogria (year), where Tyjcrogria = 20 years. © The total energy stored in the hy-
drogen tank is considered to be 60.65% (efficiency of the studied alkaline electrolyser) of the total energy used in
the electrolyser to produce hydrogen during the lifetime of the microgrid.
Table 15. Unitary O&M costs per energy (EUR/kWh) based on the EMS implemented.
H,-Based Priority Battery-Based Priority
O&M Costs Unitary Costs O&M Costs Unitary Costs
@ ry @ ry
Element (EUR) © Energy (kWh) (EUR/kWh) (EUR) ® Energy (kWh) (EUR/KWh)
RES 6663 162,202 0.041 6663 162,202 0.041
ALKEL 14,028 119,340 0.118 14,331.75 18,552 0.773
PEM-FC 4332.705 56,840 0.076 5100 3504 1.455
Battery 8160 17,492 0.466 6712.01 65,000 0.103
H, tank 2010.2 72,385 ® 0.028 5025.27 1253 ®) 0.447
Total 35,193.905 428,259 0.082 37,832.03 260,511 0.145

T,

microgrid
(M See Tables 7 and 8. O&M.costst;(EUR) =

EUR EUR) _
Py O&M.costsT,,-(W), where O&Mcosts;(yem) =
Inv.costs; (EUR) - %CAPEX. @ See Tables 4 and 9. E;(kWh) = E,Wmli(%)-Tmmgﬂvd(year), where

Tonicrogria = 20 years. ©) The total energy stored in the hydrogen tank is considered to be 60.65% (efficiency
of the studied alkaline electrolyser) of the total energy used in the electrolyser to produce hydrogen during the
lifetime of the microgrid.

Finally, Table 12 shows that, in terms of carbon footprint, the hydrogen-based priority
strategy implies a 98.15% reduction in CO, emissions and 95.73% in the case of the battery-
based priority EMS, compared to if the demand of the microgrid were to be supplied
entirely from the Spanish electricity grid. Of course, taking into account current regulations
in Spain, this environmental impact implies an economic impact, which will be greater
the higher the CO, emissions (Table 13). The amount of 1687 kg of CO, that a traditional
connection to the main grid would emit will be reduced up to 72.044 kg (a reduction of
95.73%) in the battery-based priority EMS case, and up to 31.262 kg (a reduction of 98.15%)
in the case of the hydrogen-based priority EMS.

6. Conclusions

An econometric assessment and an analysis of the carbon footprint of hydrogen-based
microgrids have been carried out in this paper.

To assess the feasibility of a hydrogen-based microgrid, it is essential to study both
the investment, operation, and maintenance costs as well as its carbon footprint. From an
initial starting point where the microgrid begins to operate, its subsequent control over
time, i.e., the management of its elements and the exchange of power and energy, strongly
conditions the future costs of the microgrid from the initial investment, which can make
it economically unfeasible. The task of controlling the microgrid is the responsibility of
its EMS, so in this paper, the influence of the EMS on the cost of using the microgrid was
studied. Specifically, two EMSs were studied: the hydrogen-based priority strategy and the
battery-based priority strategy. Based on the results obtained, the following conclusions
can be drawn:



Electronics 2023, 12, 3703

22 of 25

The hydrogen-based priority strategy has the disadvantage of requiring a much
higher investment (specifically EUR 74,177.4 vs. 17,537.88) and higher O&M costs
(specifically EUR 35,254.03 vs. 34,877.08), and the advantage of higher annual cost
savings (specifically, EUR 1837.65 vs. 1814.13).

Hydrogen technologies are expected to become increasingly economically competitive,
as a result of massive market demand and deployment, technological advances, pro-
cess automation, increased component availability, economies of scale in the hydrogen
industry, and increasing adoption of hydrogen technologies [34,35]. Just as, for exam-
ple, wind power technology has experienced a dramatic cost reduction of more than
70% from the 1980s to the present day, hydrogen technologies are expected to follow
a similar trend, meaning that the cost-effectiveness of a hydrogen-based microgrid
could soon be a reality.

A positive evolution of the lifespan of FCs, electrolysers, etc. is also expected, which
implies that the main disadvantage of the hydrogen-based priority strategy, i.e., the
number of equipment replacements required (with their associated costs), will be
reduced in the near future, making this strategy much more cost-effective in the
short term.

The hydrogen-based priority EMS is more environmentally friendly than the battery-
based priority EMS. Specifically, the hydrogen-based priority strategy leads to a carbon
footprint, in absolute terms, of between 31.262 kg CO, by 2021 and 35.728 kg CO,
by 2022, compared to the carbon footprint for the battery-based priority strategy of
between 72.044 kg CO, (2021) and 82.336 kg CO, (2022).

The continuing rise in CO, emission costs means that the hydrogen-based priority
EMS will not only be a more environmentally friendly option but will also result in an
increase in annual cost savings compared to the battery-based priority EMS.

The hydrogen-based priority EMS has greater independence from the main grid
than the battery-based priority EMS (223.3 vs. 514.6 kWh taken from the main grid,
respectively), which makes this strategy suitable for remote communities that do not
have access to the main grid. Although this strategy could not completely eliminate
the use of traditional diesel generators [38] in isolated grids as an element to guarantee
electricity supply, it could drastically reduce their use.

The higher equipment replacement and O&M costs for the hydrogen-based priority
EMS over the lifespan of the microgrid are partially offset by the higher cost savings
and associated lower carbon footprint, all in a scenario where hydrogen equipment
costs are expected to decrease in the coming years [34,35]. Likewise, the costs of
CO; emissions will increase, which will make the hydrogen-based priority strategy
increasingly competitive.

A microgrid identical to the one studied (Figure 1) with only renewable generators
(photovoltaic and wind), without energy storage, would obviously be much cheaper
than the two modalities analysed in this article, even more so when compared to
the hydrogen-based microgrid. The initial investment, and operation and mainte-
nance costs, would be much lower (associated only with the purchase, operation,
and maintenance of the renewable energy production equipment (see Tables 3 and 7),
respectively) and, in addition, there would be no associated replacement costs (except
by accident, the renewable generation elements are not replaced during the lifespan of
the microgrid). On the other hand, the carbon footprint would be considerably higher,
as the main grid would have to compensate for the natural intermittency of renewable
energy at any time (please, see Table 9).

This article has demonstrated the advantages of hydrogen technologies in implement-
ing reliable and clean microgrids, which are deeply respectful of the environment.
However, economically speaking, they are not yet competitive. Therefore, the policy
implications drawn from this work are the need for governments and companies to
invest in research and development of hydrogen technologies so that costs can be
drastically reduced. This looks set to be an accelerated path with no way back, as
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green hydrogen is now considered essential to address the increasingly necessary
energy transition.
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Abbreviations

AC Alternate current

CAPEX Capital expenditures

DC Direct current

EMS Energy management strategy

ESS Energy storage system

FC Fuel cell

HSS Heat storage system

IRENA International Renewable Energy Agency

LHV Lower heating value

MPC Model predictive control

O&M Operation and maintenance

PEM-FC Proton exchange membrane fuel cell

PV Photovoltaic

RES Renewable energy sources

SMPC Stochastic model predictive control

S0C State of charge

WT Wind turbine

Notation and Symbols

Dots. max Maximum electrolyser degradation (10,000 h)

Dy, Fuel cell degradation (1V)

Dc.max. Maximum fuel cell degradation (100 mV/cell)

Epattery Maximum battery energy storage capacity (40.8 kWh)

E ‘ Energy used during a whole year to charge and discharge
y-chatdisch the battery (kWh)

mg Mass of the gas contained in the tank (kg)

M Molar mass (kg/mol)

Mpy, Hydrogen molar mass (kg/mol)

Ny, Number of fuel cell working hours (h)

Nstarts Number of fuel cell starts (starts)

ny Number of moles contained in the tank (mol)

Ny.cycles Number of operating cycles of the battery during one year (cycles/year)

Pyt Power injected or extracted from the battery system (W)

Ppatt charge Power extracted from the DC bus to be injected into the battery (W)

Ppatt discharge Power injected into the DC bus via battery (W)

P, Power extracted from the DC bus to be injected into the electrolyser (W)

Prc Power injected into the bus via fuel cell (W)

Peyig Power injected or extracted from the main grid (W)

Perid in Power injected from the main grid to the DC bus (W)

Perid out Power extracted from the DC bus to be injected into the main grid (W)

Py, Power injected or extracted from the hydrogen systems (W)

Prosa Load power (W)
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Pyt Net power (W)

PRrEs RES power (W)

Pt Hydrogen tank pressure (Pa)

Pt.max Maximum hydrogen tank pressure (30 bar)
Pt.min Minimum hydrogen tank pressure (1 bar)
R Ideal gas constant (8.31 J/(K-mol))

S50C Battery state of charge (Ah, %)

SOCax Maximum state of charge (Ah, 80%)
SOCin Minimum state of charge (Ah, 20%)

T} Temperature of the gas contained in the tank (K)
Vi Hydrogen tank volume (m3)
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