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ARTICLE INFO ABSTRACT
Keywords: Zero-export photovoltaic systems are an option to transition to Smart Grids. They decarbonize the
Green hydrogen sector without affecting third parties. This paper proposes the analysis of a zero-export PVS with a

Energy balance analysis
Sustainable buildings
Sizing tool

green hydrogen generation and storage system. This configuration is feasible to apply by any self-
generation entity; it allows the user to increase their resilience and independence from the
electrical network. The technical issue is simplified because the grid supplies no power. The main
challenge is finding an economic balance between the savings in electricity billing, proportional
to the local electricity rate, and the complete system’s investment, operation, and maintenance
expenses. This manuscript presents the effects of the power sizing on the efficacy of economic
savings in billing (1q,in,) and the effects of the cost reduction on the levelized cost of energy
(LCOE) and a discounted payback period (DPP) based on net present value. In addition, this study
established an analytical relationship between LCOE and DPP. The designed methodology pro-
poses to size and selects systems to use and store green hydrogen from the zero-export photo-
voltaic system. The input data in the case study are obtained experimentally from the
Autonomous University of the State of Quintana Roo, located on Mexico’s southern border. The
maximum power of the load is LPmax = 500 kW, and the average power is LPmean = 250 kW; the
tariff of the electricity network operator has hourly conditions for a medium voltage demand. A
suggested semi-empirical equation allows for determining the efficiency of the fuel cell and
electrolyzer as a function of the local operating conditions and the nominal power of the com-
ponents. The analytical strategy, the energy balance equations, and the identity functions that
delimit the operating conditions are detailed to be generalized to other case studies. The results
are obtained by a computer code programmed in C++ language. According to our boundary
conditions, results show no significant savings generated by the installation of the hydrogen
system when the zero-export photovoltaic system Power < LPmax and DPP < 20 years is possible
only with LCOE < 0.1 $/kWh. Specifically for the Mexico University case study, zero-export
photovoltaic system cost must be less than 310 $/kW, fuel cell cost less than 395 $/kW, and
electrolyzer cost less than 460 $/kW.
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Abbreviations

CFE Mexico National Electricity Commission
FC Fuel Cell

Hy Hydrogen

PEME  Proton Exchange Membrane Electrolyzer
PEMFC Proton Exchange Membrane Fuel Cell

PV Photovoltaic

RE Renewable Energy

Nomenclature

NSaving Savings in Billing

Cinv0 Investment Cost

F. Load Factor

Qr Total Energy Consumed to Electricity Rate
Ng Electrolyzer Efficiency

Nrc Fuel Cell Efficiency

CO&M  Annual Operation and Maintenance Cost
CRep Replacement Cost

kNPV Net Present Value Horizon Period

LCOE Levelized Cost of Energy

LPmax  Load Maximum Power

LPmean Load Average Power

NPV; Net Present Value

PPVexp Solar Available Power

PPVmax Solar Maximum Power

eLoad Electrical Load

ePV Photovoltaic Resource

Ccost Power Capacity Installed Deemed Cost

Dcost Energy Distribution Deemed Cost

Df Power Distribution Tariff

Dmax Maximum Demand Power Recorded

Dmax_p Peak Horary Maximum Demand Power Recorded
E.CRep  Electrolyzer Replacement Costs

E.Cinv  Electrolyzer Investment Cost

E.O&M Electrolyzer Annual Operating and Maintenance Cost
EHS Hydrogen Storage Tank Energy Capacity

ENHC  Hydrogen Storage Tank Energy Consumed

ENHG  Hydrogen Storage Tank Energy Supplied

ENHS Hydrogen Storage Tank Energy Stored

ES Actual Billing

FC.CO&M PEMEFC Annual Operating and Maintenance Cost
FC.CRep Fuel Cell Replacement Costs

FC.Cinv  Fuel Cell Investment Cost

HT.Cinv Hydrogen Storage Tank Investment Cost
HT.O&M Hydrogen Storage Tank Annual Operating and Maintenance Cost
NC Nominal Billing

PE Electrolyzer Installed Power
PEx Electrolyzer Operational Power
PFC Fuel Cell Installed Power

PFCxFuel Cell Operational PowerPPV Fuel Cell Operational PowerPPVPhotovoltaic Power
PV.CRep Inverter Replacement Costs

PV.Cinv Photovoltaic Investment Cost

PV.O&M Photovoltaic Annual Operating and Maintenance Cost

d Real Interest Rate

DPP Discounted Payback Period

G Tariff to determine the deemed cost for energy generation: G, for a Base horary, G; for an intermediate horary and G,
for a peak horary

j Sequential Year Analyzed

k LCOE Horizon Period
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SHYSYS Cost Reduction Factor of Hydrogen Systems

SPVSYS Cost Reduction Factor of Photovoltaic Systems

eBill Energy Consumed and Billed

T Tariff to Determine the Cost of Energy Transmission

1. Introduction

Basic facts and statistics show that annual energy-related CO2 emissions must decrease by over 70% by 2050 [1]. In this sense,
Mexico urgently needs rapid decarbonization [2]. Therefore, one of the main objectives today is reducing anthropogenic emissions and
achieving a green future in the medium term. Renewable energy (RE) is a viable alternative to sustainability. The use of RE sources
such as solar [3], wind [4], and fuel cells [5] as clean energy production have significantly built up in many countries due to a viable
option to meet the increasing energy demand and lessen greenhouse gases. However, RE sources depend highly on weather conditions
like wind speed, solar irradiance, and seasonal and unpredictable nature [6]. These conditions necessitate energy storage to meet the
current system demand. The most common types of backup energy are diesel engines and battery banks, but both are highly polluting.

Many photovoltaic systems are connected to the local electricity grid [7]. Solar panels are directly connected to the grid through
inverters and bi-directional meters; the energy produced is utilized for self-consumption, the surplus is exported to the grid, and the
deficit is imported. This option has significant economic advantages, but the interconnected grid mode affects the grid differently,
including voltage and frequency stability and synchronization challenges. With very high photovoltaic penetration, a large amount of
power would be injected into the distribution grid, leading to unacceptable energy quality. The hosting capacity concept can be
applied to determine how many systems should be installed in the current network [8]. Therefore, there are technical regulations
(standards) or other normative regulations where injecting current into the electrical network may be limited or denied by the network
administrator.

On the other hand, in a zero-export photovoltaic system, the surplus is monitored to prevent injection into the grid. This exclusively
self-consumption mode reduces faults and offers the user independence, quality, and resiliency advantages [9]. Furthermore, energy
storage in the zero-export photovoltaic system increases the savings capacities; nevertheless, to break even the local electricity rate, all
costs incurred by the project must be considered [10,11].

Using hydrogen (Hz) generated by electrolysis (powered by RE) as a carbon-free energy vector presents an opportunity to
decarbonize several industrial sectors [12-16] - such as chemical, steel, and transportation sectors-. This proposal would reach the goal
of carbon neutrality by 2050; some analyses even indicate that Hy will have more active participation in our daily lives by 2030 [14].
Every day, more and more countries are committed to developing H; energy and Fuel Cell (FC) technologies. Storing RE in the form of
H, is considered one of the most attractive energy storage routes, making RE storage possible because of its high energy density per
mass and long-term storage capability [15]. Moreover, the surplus of the zero-export photovoltaic system can be converted to Hy by
utilizing electrolysis (green hydrogen) [16], and the produced H; can be stored for usage during high-energy demand periods.

However, this proposal presents some disadvantages as the infrastructure development needed and the current high costs for
electrolyzers and FCs. Even so, as the efficiency of H; technologies increases and their costs decrease [17], the adoption of Hy tech-
nologies will continue to grow. Sanchan et al. researched the techno-economic outlook in 2030 by considering an electrolytic Hy
supply using solar photovoltaics (PV) installations, Hp and battery energy storage, proton exchange membrane electrolyzer (PEME),
and gaseous H; energy storage. Their findings show that 2.5 $/kg levelized H; costs (LCOE = 0.075 $/kWh) occur for PV capital costs
of 500 $/kW and 496 $/kW for electrolyzer systems [18]. Shaner et al. estimated the levelized cost for PV electricity-based electrolytic
Hs to be 6.1 $/kg (LCOE = 0.183 $/kWh) when supplemented by grid electricity (priced at 0.07 $/kWh) and 12.1 $/kg (LCOE = 0.363
$/kWh) when electricity is sourced entirely from PV [19]. Mueller-Langer et al. evaluated different H, production processes and
suggested that electrolysis is unlikely to be competitive, primarily due to high electricity prices [20].

In this work, the main interest is determining DPP and LCOE as a function of different configurations of size and cost per unit of
photovoltaic system power, electrolyzer power, fuel cell power, and cost per unit of hydrogen storage tank energy. The strategy
employs a Mexican university’s case study, with the installed PV’s experimental data, electrical demand measurements, fuel cell and
electrolyzer experimental polarization curves, and billing rate. The results are obtained using our computing algorithm programmed in
C language and developed in Dev-C ++ (Company Free Software Foundation, Inc., version 5.11). Energy balance equations and
operation index functions are detailed in the methodology, with different novelty points, mainly: beyond LCOE and net present value,
DPP allows further analysis of the effects of the system costs. In addition, our approach implements experimental efficiency equations
of the fuel cell and electrolyzer. Finally, the study is performed to size, analyze, and assess the feasibility of using real energy billed and
Mexican weather data. Furthermore, the proposed methodological strategy allows it to be generalized to other distributed buildings
and regions of the country.

2. Methodology

The numerical strategy consists of solving an energy balance in a steady state and analyzing the averages obtained in a repre-
sentative period. The energy balance model is parameterized based on the power of the installed sub-systems and index functions that
mathematically define the operating conditions. The input data are the local conditions: solar irradiance, electricity consumption
profile, and rates for billing.

In this work, the parameterized model focuses on quantifying the energy that will be billed (Eq. (7)). Eq. (7) is used to numerically
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determine DPP by employing Eq. (9) in Eq. (10) and to determine gy, (Eq. (8)) analytically, and LCOE (Eq. (11)). Equations (1)-(6)
describe the model step by step.

2.1. Operating assumptions

The electrical network is assumed to have a capacity large enough to satisfy the total electrical demand. The PV supplies energy
directly to the electrical load; when surplus energy, H; is generated through a PEME, and the Hj is stored in a high-pressure tank. When
the PV system cannot meet the load, a proton exchange membrane fuel cell (PEMFC) provides part of the energy required. Fig. 1 shows
a diagram of the proposed system.

The effect of power size and cost of installed systems is studied parametrically. First, an energy balance model is applied in a stable
state, with an hourly solution, analyzing the averages obtained in a predefined period in the boundary conditions. The results of this
analysis are obtained using a computer code programmed in the C++ language. Then, the input data is defined annually: available
photovoltaic resource (¢PV), demanded electrical load (¢Load), and hourly rate of the electrical network.

2.2. Energy management strategy

An algebraic hourly energy balance of the input and output energy determines whether there is an energy surplus or deficit, as
described by Eq. (1).

Surplus = ePV — eLoad, for ePV > eLoad

Deficit = eLoad — ePV,for €PV < eLoad @

Input — Output energy balance = {
Analytical or numerical models can determine the éPV magnitude; in this work, ePV is defined by Eq. (12) that use normalized data
obtained experimentally. It is important to note that the name of the index function is not a dependent variable. Nevertheless, Surplus
and Deficit variables are critical magnitudes to determine the operational power of electrolyzer (PEx) and the fuel cell’s operational
power (PFCx). This influence is described by the indicator function on equations (2) and (3).

PEx = Surplus, for PE > Surplus
PEx= PEx = PE, for PE < Surplus 2)
PEx = 0,for ENHS > EHS

PFCx = Deficit, for PFC > Deficit
PFCx={ PFCx = PFC,for PFC < Deficit 3
PFCx = 0, for ENHS < Deficit

Where ENHS is the current energy stored in the hydrogen tank and EHS is the maximum storage energy capacity of the tank. In
equations (2) and (3), the first two conditions delimit the size of the installed power so that the local power of generation or con-
sumption of Hj is not greater than the power of the installed equipment, specifically, the installed power of the PEME (PE) and the
installed power of the PEMFC (PFC). In the third condition, in both functions, operational powers are limited to zero in function of the
hydrogen tank level. In Eq. (2), PEx = 0 if the tank is at maximum level (ENHS > EHS). In Eq. (3), PFCx = 0 if the tank is empty
(ENHS < Deficit). In order to parameterize ENHS, the storage energy balance in the tank of equation (4) is proposed.

Power Control

System

Fig. 1. Diagram of the zero-export photovoltaic system studied; the photos correspond to the experimental components of Quintana Roo University.
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PFC.
ENHS = ENHG — ENHC = 1, PEx time — p il
FC

time ()]

Where ENHG is the energy supplied to the tank due to green hydrogen generated, which is a function of PEx, the operation time, and
the electrolyzer efficiency . ENHC is the energy consumed in the tank due to the consumption of green hydrogen; it is a function of
PFCx and the fuel cell efficiency . It is important to note that the magnitudes PFCx and PEx significantly differ from those of PFC and
PE. The experimental data of the efficiency of the fuel cell and electrolyzer, both developed in our laboratories, are implemented
through the model described in Barbosa et al. [21], as indicated by equations (5) and (6), respectively,

0.151\° 0.151\ 0.151
Npe= —277.88 (PFCx oF c) +54.04 (PFCxW> —4.43 (PFCxW) +0.73 5)
2.184\° 2.184\? 2.184
Ne= —0.09 (PEx oF > +0.36(PEx o5 ) —0.54<PEx oF ) +0.78 ®)

The constant magnitudes of the equations are obtained experimentally [21]. Finally, the energy consumed and billed (¢Bill) is
determined; the identity function of equation (7) defines this magnitude.

eBill = 0, for Surplus > 0
eBill= < ¢eBill = eLoad — PPV — PFCx, for Deficit > 0 and ENHS > PFCx 7
eBill = eLoad — PPV, for Deficit > 0 and ENHS < PFCx

The first condition defines that, in any surplus condition, the local energy bill is zero. The second condition determines that the cell
can operate jointly with the PV system if there is a deficit and energy is available in the hydrogen tank. Finally, the third condition
defines that only the PV system operates if there is a deficit but insufficient energy in the hydrogen tank. Fig. 2 shows the general
flowchart of the implemented algorithm.

parametric combination, associated costs

\

Nominal power parametric combination
Power = min; Power «— Power++ while Power < max

Period specified by the user (1 year in this work) jREPORT

Initial Hydrogen Tank Condition

}

/ Input data: ePV, £Load, Electrical network rate, Limits of the /

A 4

Total €Bill for the period studied

A

(annual in this work) Hourly Solution
v J v
LCOE NPP Input — Output Hourly Energy Balance
(k cicle) (kNPV Cicle) Surplus or Deficit (Eq. 1)
Eq. 11 Eq. 10
\l/ \l/ PEx and PFCx Operational power
Egs.2and 3
Moot LCOE DPP N
Eq. 8 Magnitud Magnitud
L __— PE and PEMFC Efficiencies
Egs. 5and 6
\
current energy stored in the hydrogen
tank Eq. 4
v
Hourly energy consumed and billed
eBill Eq. 7

Fig. 2. General flow diagram of the algorithm employed.
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2.3. Economic analysis

Nsaving 18 determined by equation (8), which describes an economic savings rate in energy billing based on installed power and
operating conditions.

NC — ES

nSaving - N—C (8)

NC is the nominal billing of the total eLoad, and ES is the actual ¢Bill billing. Then, the net present value (NPV)), eq. (9), determines
the net cash flows [22].

kNPV kNPV

NPV]»*ZNC ES > Cino — Z

Utay (ray ©

CO&M  CRep ]

Where kNPV is the defined period in years; j is the sequential year analyzed; Ciy o is the investment cost, which considers the sum of all
the components in year zero of the simulation. CO&M is the annual operation and maintenance cost; CRep is the replacement cost of the
components; d is the real interest rate (which is a function of the nominal interest rate and the annual inflation rate); in this work, d =
5.0% [22,23]. Analytically, the magnitude of NPV; is positive when the sum of the cash flow is greater than the sum of the investment,
CO&M, and CRep costs. DPP is determined numerically by the index function of Eq. (10),

DPP = j, for first NPV; > 0

DPP = kNPV, for NPV; < 0 10

DPP = {
Equations (9) and (10) provide the DPP numerical solution calculated in the finite range 1 < j < kNPV. kNPV typically corresponds
to the useful life of the system. However, this work analyzes a horizon of kNPV = 200 years to widen the analysis scope.
LCOE is a widely used parameter to compare the cost of electricity generation systems [23]. LCOE is calculated as the sum of
lifetime costs divided by the total energy produced during the same lifetime. These economic and energy magnitudes are also analyzed
at a Present Net Cost. This work examines LCOE in US dollars on energy ($/kWh), as described in Eq. (11) [23].

CO&M | CRe
ZC""U+Z[ iray T 1+dﬁ]
LCOE= - an

E Energy delivery,j
j
st (14d)

In this work, for LCOE, the study horizon corresponds to the useful life of the system k = 20 years. Table 1 shows the specific costs used
as base reference in our simulation [23]. It is important to note that column four, specifies where the cost reduction factor of hydrogen
systems (SHYSYS) and PV systems (5PVSYS) are applied. The factors SHYSYS and 6HYSYS are analyzed between 100 and 5% in 20
intervals of 5%.

3. Case study

Nsaving 1 €valuated at hourly intervals and averaged to evaluate the system’s global performance for a year on each possible
configuration of the parametric combination of the nominal power of the subsystems, an average of the load power (LPmean), and

Table 1

Specific costs in the initial calculation (base reference) [23].
Symbol Description Units Fee
FC.Cinv PEMFC investment cost, including balance of plant (BOP). $/kW (3947) SHYSYS
FC.CO&M PEMFC annual operating and maintenance cost. $/kW (118) SHYSYS
FC.CRep PEMFC replacement costs occur every 5 years. $/kW (1815) 6HYSYS
E.Cinv Electrolyzer investment cost, including BOP. $/kW (4600) SHYSYS
E.O&M Electrolyzer annual operating and maintenance cost. $/kW (138) SHYSYS
E.CRep Electrolyzer replacement costs occur every 5 years. $/kwW (1610) 6HYSYS
HT Cinv Hydrogen storage tank investment cost, including BOP. $/kWh (14.241) HYSYS
HT.0&M Hydrogen storage tank annual operating and maintenance cost. $/kWh (0.285) 6HYSYS
PV .Cinv PV investment cost, including balance of system (BOS). Lifetime 20 years. $/kW (1547) 5PVSYS
PV.O&M PV annual operating and maintenance cost. $/kW (24) 6PVSYS
PV.CRep PV-Inverter replacement costs occur every 10 years. $/kW (80) 5PVSYS

Table 2

Limits of the parametric combination of the nominal powers.

PPV (kW) PFC (kW) PE (kW) EHS (kWh)

Minimum 0.4 LPmean 0.05 LPmean 0.05 LPmean 0.4 LPmean
Maximum 5.0 LPmax 5.0 LPmax 5.0 LPmax 10 LPmax
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maximum value of the load power (LPmax), listed in Table 2.
3.1. Solar resource (data in)

Primary energy data were experimentally obtained from an interconnected photovoltaic system at Quintana Roo University; its
main technical characteristics are 355 monocrystalline modules of 415 Wp (CANADIAN SOLAR model: CS3W-410 W) and nine in-
verters of 15 KW 220 V (FRONIUS model SYMO 15.0-3208). The measurements determine average annual energy of 263 MWh. In
addition, the hourly data of the available solar power (PPVexp) were normalized on the maximum solar power measured (PPVmax) to
obtain a factor that allows parameterizing the simulated hourly energy in the installation, as presented in equation (12).

ePV = (PPVexp / PPVmax) PPV (time) (12)

Where €PV is the hourly energy generated, parameterized by the simulated PV power (PPV). Fig. 3(A) shows the experimental energy
generated monthly and Fig. 3(B) shows the factor resulting from the division PPVexp/PPVmax. In addition, a peak sun hour of 5.5
kWh/m? per day is determined by experimental data.

3.2. Electrical load (data in)

This work determined eLoad by an hourly measurement, carried out experimentally in a typical work week (outside of the
pandemic), and adjusted annually by average monthly billing data over five years. Fig. 4(A) shows the monthly energy consumption
and Fig. 4(B) shows the hourly power demanded. This information can identify LPmean = 250 kW and LPmax = 500 kW.

3.3. Unit rates for energy bill (data in)

This investigation considered the Mexican National Electricity Commission (CFE) rate. Then, equation (13) presents the analytical
function to determine the billing amount in the Great Demand in Medium Hourly Voltage rate.

Energy bill=1 Qr + G, Q) + G; Q; + G, O, + Dcost + Ccost (13)

7 is the tariff to determine the cost of energy transmission, 7 is a constant charge multiplied directly by the total energy consumed,
Qr. G is a tariff to determine the deemed cost for energy generation, and there are three types: G, for a base horary, G; for an inter-
mediate horary, and G, for a peak horary. Table 3 shows these timetables. Dcost, determined by equation (14), is the deemed cost for
the energy distribution, and Ccost, determined by equation (15), is the deemed cost for the power capacity installed.

30 (A) 12 (B)
25
20
15

10

Experimental energy (kWh)
PPVexperimental/PPVmax

01 2 3 4 5 6 7 8 9 10 11 12 0 2000 4000 6000 8000
Time (Month) Time (hour)

Fig. 3. Experiment solar resource used for simulation: actual monthly energy output 3(A) and hourly PPVexp/PPVmax rate 3(B).

300 600
= (A) (B)
2 250 500
s —
z 2
.S 200 =< 400
B =]
£ 3
S 150 = 300
= =
S o
S 100 5 200
= [}
S ]
5 S0 100
ko]
oo
01 23 4 56 7 8 9101112 0 2000 4000 6000 8000
Time (Month) Time (hour)

Fig. 4. Average monthly electricity consumption 4(A) and electrical load 4(B).
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Table 3
Mexico unit rates for the energy cost of equation (13) ($ US dollars).
Symbol  Description Units Fee
T The cost attributed to energy transmission $/kWh  0.0087
Gy The cost attributed to the energy consumed at base horary: Summer schedule: Monday-Friday (0:00-6:00); Saturday $/kWh  0.0557
(0:00-7:00), Sunday (0:00-19:00). Not Summer schedule: Monday-Friday (0:00-6:00); Saturday (0:00-8:00), Sunday
(0:00-18:00).
Gi The cost attributed to the energy consumed at intermediate horary: Summer schedule: Monday-Friday (6:00-20:00) and $/kWh  0.0932

(22:00-24:00); Saturday (7:00-24:00), Sunday (19:00-24:00). Not Summer schedule: Monday-Friday (6:00-18:00) and
(22:00-24:00); Saturday (8:00-19:00) and (21:00-24:00), Sunday (18:00-24:00).

G, The cost attributed to the energy consumed at peak horary: Summer schedule: Monday-Friday (20:00-22:00). Not Summer $/kWh  0.1038
schedule: Monday-Friday (18:00-22:00); Saturday (19:00-21:00).
Df The cost attributed to energy distribution $/kW 4.9800
cf The cost attributed to power capacity demanded $/kW 17.4180
. Or
Dcost = (Df) min|Dmax; | ——— (14)
hours F,

Where Df is the tariff per unit for power distribution, Dmax is the maximum demand power recorded in the studied period, F; is a
constant denominated load factor in our studied region, F. = 0.57. Ccost is determined by Eq. (15),

Ccost = (Cf)min \‘Dmax,p; (L)J (15)

hours F,

Where Dmax_p is the maximum demand power recorded in the studied period only at the peak horary. Table 3 shows the current unit
rate for electricity in December 2021. The algorithm identifies the rate for each hour of the study year.

4. Results

The results are separated into five sections. Section 4.1 discusses the effect of sizing on savings in billing. According to equation (8),
it is not a function of the cost of the system. Section 4.2 presents the results of LCOE and DPP as a function of the powers installed using
current costs found in the literature (6y2SYS = 1.0; SPVSYS = 1.0). Section 4.3 analyzes the effect of reducing the photovoltaic system
cost in the range 0.1 < 6PVSYS < 1.0 @ 652SYS = 1.0. It also analyzes the effect of reducing the cost of the hydrogen system in the
range 0.1 < 5y2SYS < 1.0 @ SPVSYS = 0.2. Then, section 4.4 presents the results of LCOE and DPP in the function of installed capacities
using costs affected by §52SYS = 0.1 and SPVSYS = 0.2. Finally, section 4.5 offers a sequence that generalizes the proposed analysis
strategy.

4.1. Dependence on size

Fig. 5 shows the magnitude of Nsaving (equation (8)) as a function of the powers of the installed systems. For Fig. 5(A), the difference
between the red dotted line and the upper line (solid blue line) indicates the advantage of having an energy storage system to increase
Nsaving- The gap (Algqying) Of using or not using the green Hy storage system is Angg,n, ~ 40 % at upper PPV magnitudes (PPV = 2.3
MW). Even in the PPV < 500 kW (LPmax condition), the Hy high-power condition is not significantly different from the Hy low-power
condition (Argg,,, ~ 0 %) because there are no significant surpluses. The condition of the lower installed powers of the Hy com-
ponents looks to be satisfying the load without the storage system. All the curves displayed in Fig. 5(A-D), exhibit that as the installed
POWer increases, 7g4g increases with a tendency to asymptotic maximum.

In Fig. 5(A), arrows indicate three powers: PPV = 563 kW, PPV = 1.0 MW and PPV = 2.3 MW. The black, blue and red color selected
lines have a sequence that begins with these three arrows and ends with Fig. 5(D). Then, the lines of Fig. 5(D) contain information
selected from the previous graphs. In Fig. 5(D), three points are selected to analyze the LCOE trends: 1) A PPV = 563 kW; EHS = 0.70
MWh; PE = 260 kW; PFC = 260 kW; in which Nsaving = 45%. 2) (] PPV = 1.0 MW; EHS = 0.25 MWh; PE = 9 kW; PFC = 9 kW; in which
Nsaving = 50%. 3) o PPV = 2.3 MW; EHS = 2.2 MWh; PE = 763 kW; PFC = 260 kW, where 7/54,;,, = 80%. These three points will be
analyzed further on.
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Fig. 5. The behavior of Nsaving depending on the installed powers: 5(A) PPV, 5(B) EHS, 5(C) PE, and 5(D) PFC.

4.2. Economic analysis without a cost reduction factor

Fig. 6(A-D) shows the LCOE corresponding values for the powers, referring to Fig. 5(A-D). Again, colors, marks and sequence are the
same as the previous, and it is coherent with Fig. 12. For all the curves displayed in Fig. 6(A-D), we can observe that the selected powers
significantly modify LCOE, and there is no direct relationship between LCOE and #gyng-

In Fig. 6(A), observing the red dotted line (EHS = 0.25 MWh; PFC = 9 kW and PE = 9 kW), a minimum in LCOE is identified at PPV
= 260 kW. This value indicates that even with low power conditions in storage systems, LCOE has a minimum PPV = LPmean. In Fig. 6
(D), with the same sequence of the points of Fig. 5(D), we can observe that LCOE A is higher than LCOE [] and the difference between
LCOE A and LCOE o s significantly less than the difference between #g,,,, A and 77gq,,, ©- There are some interesting trends in Fig. 6,
but as seen below, cost reduction factors are necessary for a DPP lower than 20 years.

Fig. 7 shows the result of DPP as a function of PPV. In this sequence, because the results are out of the study range (DPP > 200
years), the behavior of DPP as a function of EHS, PE, and PFC is not presented.

The numerical strategy to obtain DPP has been carried out for 1 year < j < 200 years. In Fig. 7, the powers selected in the black and
blue lines have a value greater than 200 years, so there was no trend. We can see that PE = 9 kW and PFC = 9 kW (Minimum powers)
can generate DPP < 200 years for the powers selected in the red and green lines. However, under current conditions, every system
generates DPP > 40 years. Therefore, LCOE is determined in the period N, defined in equation (11), in Figs. 6 and 7, N = 20 years. Fig. 8
presents LCOE as a function of the numerical DPP with three magnitudes: N = 20 years, N = 30 years, and N = 50 years.

In the graphs of Fig. 8, there is a definite trend. The most relevant observation is that no condition promotes DPP < 40 years. Also,
the graph that the N increase promotes the reduction of LCOE magnitude.
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Fig. 6. The behavior of LCOE depending on the installed powers: 6(A) PPV, 6(B) EHS, 6(C) PE, and 6(D) PFC.
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Fig. 9. Effect of the discount rate on the cost of photovoltaic systems (SPVSYS): 9(A) is for LCOE, 9(B) presents DPP, and 9(C) presents the
relationship between LCOE vs. DPP.

4.3. Cost reduction factor effects

Fig. 9 shows the results for applying the SPVSYS factor; the gray points are for all the possibilities of the range of powers studied.

In Fig. 9(A), the same three points of Fig. 5(D) are indicated in SPVSYS = 100%. The slopes change significantly depending on the
installed power. The black and red lines, which in this selection correspond to powers higher than the minimum (EHS > 0.25 MWh; PE
> 9 kW; PFC > 9 kW), have a low slope of change in these two lines LCOE > 0.5$/kWh. Fig. 9(B) indicates that in the green dotted line,
we can find DPP = 20 years @ 6y2SYS = 70% (PV.Cinv = 1082 $/kW). With the solid green line option, we can find DPP = 20 years @
6u2SYS = 20% (PV.Cinv = 309 $/kW). The most important observation is that, despite SPVSYS, DPP < 20 years may only occur with
systems with the lowest hydrogen production and storage capacity under current economic conditions. For example, in Fig. 9(C), we
see DPP < 20 years @ LCOE < 0.1 $/kWh. Fig. 10 presents the effect of the factor SHYSYS @ SPVSYS = 20%.

In Fig. 10(A), the points 652SYS = 100%, corresponding to Fig. 9(A), are indicated in the black rectangle. The black, blue, and
dotted red curves correspond to the powers selected in the previous figures: 5(D), 6(D), and 9(A). Contrary to Fig. 9(A), the slopes of
greater magnitude are for the black and red curves, which in this figure also correspond to the system EHS >0.25 MWh; PE > 9 kW; PFC
> 9 kW. Fig. 10(C), as Fig. 9(C), show that DPP < 20 years @ LCOE < 0.1 $/kWh.

It is important to remember the reference points of Fig. 5(D): 1) the red dotted line in Fig. 10 refers to the red triangle A, which in
Fig. 5(D) NSaving = 45%. 2) The blue line in Fig. 10 refers to the blue square ], which in Fig. 5(D) NSaving = 50%. 3) The black line in
Fig. 10 refers to the black circle o, which in Fig. 5(D) #54,;ng = 80%. In Fig. 10(B), the point of the black line is indicated to obtain DPP <
20 years @ 6y2SYS = 10%, which corresponds: to FC.Cinv = 395 $/kW, HT.Cinv = 1.4 $/kWh, E.Cinv = 460$/kW. It is observed that
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Fig. 11. LCOE as a function of PPV considering PVSYS = 20% and SHYSYS = 10%.

the blue line generates DPP < 20 years @ 6y2SYS = 100%, even from SPVSYS < 45%, see Fig. 9(B). In comparison, the red line requires
that 552SYS < 15% for DPP < 20 years.

4.4. Economic analysis with cost reduction factor applied

Fig. 11 presents the behavior of LCOE as a function of PPV, considering the factors SPVSYS = 20% and SHYSYS = 10%. It is worth
pointing out the following observations: the dotted red line refers to the red triangle A of Fig. 5(D); the solid blue line refers to the blue
square [] in Fig. 5(D); the black line refers to the black circle o in Fig. 5(D).

There is a minimum LCOE point for each selected system. For example, the powers of the blue dotted line (above), which in Fig. 5
(D), could be identified with the highest magnitude of #g4,,,, have an LCOE > 0.25 $/kWh, which indicates DPP > 20 years. From PPV
> 563 kW, the black line promotes LCOE < 0.1 $/kWh. As seen before, low-power hydrogen systems (solid blue line) promote LCOE
<0.1 $/kWh, and it is observed that LCOE increases as PPV increases. Likewise, it stands out that at PPV = 2.5 MW, there is little
difference in the LCOE magnitude between the black and red lines. Fig. 12 presents the behavior of LCOE as a function of EHS 12(A), PE
12(B), and PFC 12(C). The selected powers are modified from the previous observations.
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Fig. 12. The behavior of LCOE depending on the installed powers: 12(A) EHS, 12(B) PE, and 12(D) PFC.

For all the curves displayed in Fig. 12(A-C), the analysis of the red line show: 1) the size of the EHS hydrogen tank does not modify
the behavior of LCOE. 2) The PE and PFC powers significantly increase LCOE, determining that LCOE > 0.1 $/kWh @ PE > 763 kW and
@ PFC >763 kW. For the system selected in the blue line, it is observed: 1) the results find a minimum value LCOE = 0.09 $/kWh @
EHS > 1.7 MWh. 2) the curve has a change in slope at PE = 512 kW and PFC = 260 kW. 3) LCOE > 0.1 $/kWh @ PE > 763 kW and @
PFC > 512 kW. For the black line, it is observed: 1) the curve finds a minimum value LCOE = 0.1 $/kWh @ EHS > 1.7 MWh. 2) LCOE >
0.1 $/kWh @ PE > 512 and @ PFC > 260 kW. We can select the systems that best fit our needs with these curves.

4.5. Generalized algorithm
According to the gathered experience, we proposed a general methodology, consisting of the following sequence of steps:

I. The user defines the local conditions: local irradiance, electrical demand, and billing tariff. Then, input data is ideally defined
per hour in an average year or year representative.

II. An energy balance is applied in the period specified by the user. Then, using the function identity of Eq. (7), the energy that will
be billed (¢Bill) is determined. This value depends on the operating powers and the level of the tank, determined by equation (2),
which proposes the implementation of the experimental efficiency of the electrolyzer (Eq. (4)) and efficiency of the fuel cell (Eq.
(3)), which use the identity functions of Egs. (6) and (5). In this way, the analysis considers the effect of sizing dynamically and
with greater certainty. ¢Bill is used in Equations (8) and (11).

III. According to the billing rate defined, 7y, is determined by equation (8).
IV. The user defines the costs of the system (Table 1) and the study horizon k (years). LCOE is determined by Eq. 11 and DPP by Eq.
(10).

The results generate proper trend curves to assess the effect of size on savings at billing and levelized cost. Identifying a minimum
magnitude or asymptote is possible in these curves. In addition, to the apparent analysis of trends, the users can select the systems that
best fit their needs. For example, with systems indicated in the black circle of Fig. 11, in PPV = 2.3 MW, we have two possibilities:
System A) PFC = 260 kW, PE = 260 kW, and EHS = 0.73 kWh. System B) PFC = 260 kW, PE = 512 kW and EHS = 2.2 MWh. Both
systems provide LCOE = 0.1 $/kWh, which generates, according to Fig. 10(C), DPP = 20 years. However, system A, which costs $ 20.1
million, offers = 62.37%, while system B, which costs $ 22.4 million, offers = 75.12%.

5. Conclusions

This study proposes a new parametric dimensioning strategy. The energy balance model considers four index functions to evaluate
the critical conditions of the hydrogen level contained in the tank and allows it to include the experimental efficiency of the fuel cell
and electrolyzer. These models provide the effect that the size of the system has on the energy generated by the PV-Hj system and,
consequently, on the billing savings, levelized cost of energy, and the discounted payback period. The overall pattern and sequence
could apply to other applications of a zero-export photovoltaic system with green hydrogen storage. The generated curves are very
useful for the user to identify trends and select the system that best meets the energy and economic needs. The results show that less
than 20 years of DPP is only possible when LCOE is less than 0.1 $/kWh. For the specific case of study, regardless of the cost of the
systems, we can note that when the PPV is not greater than the maximum power demand, there are no changes or significant savings
generated by the installation of the hydrogen system. In this case study, with the current rate, to have LCOE < 0.1 $/kWh, the cost of
zero-export photovoltaic system must be below 310 $/kW, the fuel cell cost less than 395 $/kW, the electrolyzer $ 460/kW, and
hydrogen tank at 1.4 $/kWh.
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