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A photovoltaic—electrolysis—PEM hybrid model was developed for a feasibility study, and
simulations of several scenarios in Korea were performed. The solar irradiance was derived
from the University of Arizona solar irradiance based on satellite—Korea Institute of Energy
Research model which provides the satellite imagery over the Korean peninsula every
15 min. In Korea, the annual average solar irradiance is 1,310 kWh m=2 with a maximum of
1,440 kWh m~2 in 2017. Electricity load and solar irradiance information were used to test
the performance model of the photovoltaic—electrolysis—-PEM hybrid system for baseload
and several peak load shave runs. When the baseload was set at 4200 MW, the total
capacity of the Photovoltaic plants was 58.5 GW,,. In contrast, the hybrid system reduced
the peak load more efficiently during daytime. In particular, the capacity factor of the Proton
Exchange Membrane system increased in winter because the solar irradiance is relatively
weak in that season. These results provide useful insights for the development of control
logic models for the PV—electrolysis-PEM system in micro-grid setups.

Keywords: solar irradiance, photovoltaic, electrolysis, proton exchange membrane, performance model

INTRODUCTION

Photovoltaic (PV) power plants are increasingly being installed all over the world to mitigate the
impact of climate change (REN21, 2021). The extremely high capacity of PV power plants used to
curtail the electricity penetration in the grid system. Furthermore, the intermittent characteristics of
renewable energy makes it difficult for the system operator to control the electricity and frequency of
voltage (Chen and Dominguez-Garcia, 2012). Therefore, a reserve power or back-up system is
required for the PV power plants. A battery supply can be utilized for daily storage but it is not
practical for a seasonal storage due to low energy density (Gupta et al., 2009). H, gas produced by
electrolysis is efficient as an energy carrier because it is converted into the electricity by using a fuel
cell system. Therefore, an electrolysis—fuel cell coupled system is a good alternative to the
conventional battery.

Several feasibility studies have been conducted on the use of PV-electrolysis—fuel cell system (e.g.,
Lehman and Chamberlin, 1991; Barbir, 2005b; Gibson and Kelly, 2008; Hwang et al., 2009; Gibson
and Kelly, 2010; Paola et al., 2011; Joneydi Shariatzadeh et al., 2015; ()zgirgin et al., 2015; Budak and
Devrim, 2019). For example, Lehman and Chamberlin (1991) designed the PV-electrolysis—fuel cell
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FIGURE 1 | Administrative division in Korea (A) and Topography (B) in the UASIBS—-KIER model domain.
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system as a stand-alone system. A research series from Gibson
and Kelly (2008; 2010) optimized the PV-electrolysis—fuel cell
system to increase the H, generation efficiency for a fuel cell
vehicle. Hwang et al. (2009) performed case studies to verify the
effectiveness of the fuel cell system coupled with the PV module
for a stand-alone energy management system. More recently,
PV-electrolysis—fuel cell system is extended to a cogeneration
system for heat and electricity (Ozgirgin et al., 2015). Budak and
Devrim (2019) designed methanol and water electrolyzers for a
1.2kW fuel cell system demand which fulfilled the energy
requirement of a household. When compared with a water
electrolyzer, the methanol electrolyzer can produce 27% more
H, gas. The above mentioned researches were demonstrated as a
stand-alone or off-grid system, however, Dahbi et al. (2018)
attempted to integrate the PV-fuel cell hybrid system into the
grid for power management. They optimized the design and
algorithm of a hybrid system in the laboratory scale. Ghenai and
Bettayeb (2019) attempted to design a grid connected renewable
energy system to fulfil the electric load of the building with high
penetration of renewable energy, low greenhouse gas emissions,
and low cost of energy on the University campus. In their
research, the grid-tied solar PV-fuel cell hybrid power system
exhibited a good performance for the tested system architectures.
Ebaid et al. (2015) employed the H, gas turbine instead of the fuel
cell system as the electricity generator. They analyzed the PV-H,
gas turbine system to generate a baseload of 100 MW.

Since the Renewable Energy 3,020 policy was announced in
2017, Korea has deployed renewable energy systems. The main
objective of the policy is to install 48 GW PV power plants by
2030 to increase the penetration rate of renewable energy to 20%.
In this situation, a high ramp rate for the PV power generation
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FIGURE 2 | Annual energy production as a function of year that is

derived from the solar irradiance. Blue dashed line indicates the regression line
from 1996 to 2019. Red dashed line is the climatological mean from 1996
to 2019.

due to fast moving clouds causes an unstable voltage frequency in
the short term. Further, a huge curtailment or duck-curve
phenomenon expected. Thus, the purpose of this study is to
design a PV-electrolysis—fuel cell hybrid model and test its
performance for a given electricity demand or load within a
grid system. The remainder of this article is organized as follows:
Current Status of Renewable Energy in Korea introduces the
current status of renewable energy in Korea. Numerical
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FIGURE 3 | Horizontal distribution of annual total irradiance from 2012 to 2019.
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Simulation Design briefly describes the design for the numerical
simulation modeling. Subsequently, the evaluation of the data is
presented with short discussions in Results and Discussions.
Finally, Conclusion summarizes the major findings of this study.

CURRENT STATUS OF RENEWABLE
ENERGY IN KOREA

Annual Solar Irradiance

The University of Arizona Solar Irradiance Based on
Satellite-Korea Institute of Energy Research (UASIBS-KIER)
model estimates the solar irradiance in a 1km x 1km grid
cell over the Korean Peninsula (32° N-40° N, 124" E-130" E)
using satellite imagery (Kim et al., 2017). Figure 1 shows the
target area where solar irradiance is available. Annual solar
irradiance estimated from 1996 to 2019 is given in Figure 2,
which implies that the solar power generation can be gradually
increased in Korea using enhanced solar irradiance. The average
value of annual solar irradiance for 24 years is 1,310 kWh m > In
2017, the highest value of solar irradiance was recorded which
exceeded 1,400 kWh m ™2 During the brightening span from 2012
to 2019, the spatial distribution of annual solar irradiance
indicates that southern part of the Korean Peninsula is an
appropriate region for solar power generation (Figure 3).

Electricity Load in Korea
Electricity load data is available in the Electric Power Statistics

Information System (EPSIS), which is operated by the Korea
Power Exchange (KPX). EPSIS data are hourly statistics but
separate load data is not available for each administrative
division in Korea. Figure 4 shows the electricity load in Korea
as a function of time from 2016 to 2019. This load includes all
sectors, which means that various sectors such as industrial and
residence are combined. The electricity load behavior is consistent
with solar irradiance, i.e., electricity demands increase when Sun
rises and vice versa. In particular, electricity load continuously
decreases until four Korean Standard Time (KST = Universal Time
Coordinate +9 h) at which the lowest value is observed. During
daytime, the load profile has two peaks, in the morning and
afternoon. This can be attributed to the relative reduction of
electricity usage during lunch time. Data on the hourly
electricity load is not available for each administrative division
but annual electricity load for each division is obtained from the
EPSIS data. The regional contribution of load to national scale is
shown in Figure 5. The electricity demand is the maximum in GG
division. With the regional contribution of electricity load, the
installed capacity of the PV plants in 2019 is presented in Figure 5.
PV power plants of more than 700 MW capacity have been
installed in JN division. Therefore, this study uses the JN
division as the investigation region.
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FIGURE 4 | A time series of electricity load averaged over 2 years from 2017 to 2018 as a function of hour. The dashed line indicates the level for peak load shave.
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FIGURE 5 | Regional contribution of electricity load to national electricity load (solid line) and installed capacity of PV power plants (vertical bar).
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NUMERICAL SIMULATION DESIGN

Performance Modeling

As mentioned in the previous section, local or regional electricity
load data is not available and therefore it is not easy to simulate
the microgrid system for the PV and electrolysis system.
However, for the monthly or annual energy production, we
can estimate the capacity of solar power plants in combination
with water electrolysis where the fuel cell system is used as the
reserve power. Figure 6 shows the block diagram employed in

this study. The electric power in direct current is derived from the
solar irradiance and nameplate efficiency at standard test
conditions. Subsequently, the direct current from PV module
is supplied by two methods. The priority is to supply the
electricity to the grid through an inverter but excess electricity
is needed to operate the electrolyzer for the production of H, and
0,. H, gas, stored in the gas tank can be converted into electricity
using the fuel cell system which is connected to the grid. However,
this is not a management or control model for determining if the
generated solar power is connected to the grid or water
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electrolysis system. When comparing the electricity load, the
power in excess to the threshold value can be transmitted to
the water electrolyzer.

Photovoltaic-Electrolysis-Proton
Exchange Membrane System

The major components of the performance model are PV, water
electrolysis, and fuel cell system. The generated solar power in
direct current (Ppc) is formulated as follows:

1,
Ppc =%xpmaxx (TF) x (SF), (1)

where, Ipoa, Ip, and P,y denote the plane of array (POA)
irradiance, reference irradiance at standard test condition, and
peak power (i.e., capacity). At the standard test condition, usually
the reference irradiance is defined as 1000 W m 2 at 25°C and
1 atm. TF and SF are the loss factors due to cell temperature and
soiling on the cell surface, respectively. Dobos (2014) estimated
the TF using linear regression of the cell temperature with
coefficients that are directly taken from the individual PV
module specifications. The POA irradiance indicates the solar
irradiance incident to the normal surface of the solar panel and its
formulation is also dependent on the installation characteristics
of PV plants, such as the slope and azimuth angles for solar
panels. However, the information on these characteristics is
unavailable. Instead, this study assumes that the slope and
azimuth angles correspond to the latitude and 1807,
respectively. The dependence of cell temperature is ignored
and therefore, we set Pp.x to 700 MW, based on the EPSIS
data. Meanwhile, the generated solar power is transmitted into
the grid to balance the load. To connect to the grid system, the
direct current is converted into alternating current by the

inverter. This study assumes that the efficiency of the inverter
(Miny) is 90%, based on Dobos (2014).

Proton Exchange Membrane (PEM) electrolysis and fuel cell
system are employed for the hydrogen production and reserve
power generation. The 2 MW PEM electrolyzer stack and 100 kW
PEM fuel cells consists of a 1,250 cm* active area of 200 cells are
considered as unit module for constructing the 700 MW PEM
electrolyzer-fuel cells co-generation system. In this study, the
PEM electrolyzer and fuel cells system efficiency are assumed to
be 75% (LHV, 44.0 kWh/kg) and 65% (LHV, 12.8 kWh/kg)
respectively. Note that the electrolyzer’s efficiency is the ratio
equals the ideal power that is thermodynamically required for a
certain hydrogen production rate divided by the electrical power
for it expended. The definition of electrolysis efficiency is based
on the following assumptions. 1) Electrolyzer operate at 20-80°C
with only electricity as the energy source; 2) the heat of
vaporization has to be provided by the electrolysis process; 3)
the electricity which is applied to the electrolyzer’s system has to
be equal to the enthalpy of water electrolysis reaction. Here we
considered the case for converting hydrogen back to electricity
(i.e., fuel cells), the chemical energy according to the Lower
Heating Value (LHV) is used in the conversion steps for the
evaluation of the overall energy efficiency of the complete
conversion process from PV to PEM electrolyzer and fuel
cells. The overall electrolyzer’s efficiency is defined as the
product of the voltage (#,oiaqe) and the current efficiency
(Mcurrent) as below (Smolinka et al., 2015)

ﬂsystem = Nstack % (rlvaltage X ncurrent) X Hgop (2)

with #p0p, the efficiency for the balance of plant that is assumed
to be 95% in this study. The electrical power consumed by the stack
needed to produce hydrogen is formulated by the relationship
between voltage and current in stack, i.e., Psack = Lstack X Vitack-
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TABLE 1 | Summary of PV-Electrolysis—PEM system components.

Model Parameter Value
PV Capacity (Pmax) 700 MW,
Azimuth Angle 180
Slope Angle Latitude
Inverter Efficiency (ninv) 0.90
PEM PEM Efficiency (eem) 1.2 kWh m=
Electrolysis Electrolysis Efficiency ((n2) 4.4 KWh m™3
_ (AHY - AHY) x iy,  LHV X iy, 3)
r]voltuge - P - P >
stack stack
th,Real hHg,Real
ﬂcurrent = = (4)

th,Ideal Ix (” X F)_l,

where the 7y, is the molar amount of produced hydrogen (mol
s~ ™2) theoretically by Faraday’s law, F is the Faraday constant
(C mol™), n is the number of electron participating in the
reaction, I is the current (A)

The fuel cell efficiency is defined as a ratio between the
electricity produced and hydrogen consumed and the
electricity produced is a product between voltage and current.
Also, the hydrogen consumed is directly proportional to current
and thus the molar flow rate for H, into the PEM fuel cells
(hydrogen consumption) at the inlet of the channel can be
defined thus:

. 1

Ny, = Neen X s X ﬁ) (5)
where s (=1.2) is the stoichiometry of H,, and N is the number
of cells in the PEM fuel cells.

We assumed that the hydrogen is supplied to the cell in excess
of that required for the reaction stoichiometry. The excess can be
recirculated back into the stack so it does not change the fuel cell
efficiency. The reverse of the stoichiometry is fuel utilization, the
ratio between the amount of hydrogen actually supplied to the
cells and that consumed in the electrochemical reaction. Here we
chose the stoichiometry number 1.2 which represents the 88% of
fuel utilization (Barbir, 2005a)

Scenarios for Performance Model

In the present study, simulations of the performance model for
two consecutive years (2017-2018) are carried out, because the
annual solar irradiance in the last 2 decades was the maximum in
these 2 years (Figure 2). Solar irradiance derived from the grid
data of the UASIBS-KIER model using satellite imagery is
averaged over the investigation region, i.e., the JN division, to
generate the time series of solar power generation using Eq. 1.
The reference run is done on the baseload in which the
PV-electrolysis-PEM system supplies electricity for 24 h at a
constant electricity load. In the baseload run, the solar power
generation is employed to supply electricity into the grid and
electrolysis during the daytime. During cloudy or rainy weather,

PV —Electrolysis —PEM Model in Korea

TABLE 2 | The design for numerical simulation. B1 run is the baseload run and
therefore PV capacity and the level for peak load shave are not determined in
the simulation.

Simulation Baseload PV Capacity Level for Peak Load
Shave

B1 4200 MW - -

S1 125% 700 MW, 25%

S2 120% 700 MW, 20%

S3 115% 700 MW, 15%

S4 115% 1,050 MW, 15%

S5 110% 1,060 MW, 10%

S6 110% 1,400 MW, 10%

S7 110% 1750 MW, 10%

the reduced solar power generation can be compensated for by
the electricity produced by the PEM system with H, storage.
During the night, a reserve power system which includes the PEM
system with H, storage supplies the electricity into the grid to
tulfill the electricity load. The PV power (P) is calculated using the
following two equations at a given electricity load (L):

24 Hj H,
YLy=) (P)+ Y (F)xn,, (6)
i=1 i=H, i=H
H, H;
(Fi)xninv: Z(Pi_Li)XWPﬂ) (7)
i=H, i=H, My,

where F, #pgy, and 7y, are the PEM power, and the efficiency of
water electrolysis and PEM system, respectively (Budak and
Devrim, 2019). The information on efficiency is listed in
Table 1. In the performance model, the PV system is
operational only during the daytime from H, (sunrise) to H;
(sunset). Using p, #;,» and Eq. 1, Pp,,y, i.e., the total capacity can
be derived for the baseload operation.

The other scenarios are related to the peak load shave model,
which means that a curtailment at peak load is prescribed and
subsequently the excess solar power generated is transmitted to
the water electrolysis system to produce H, and O, gas. Figure 4
shows an example of the daytime load for two consecutive years
in the JN division. S1 is the simulation in which the peak load is
reduced to the lowest quartile (25%) of the daytime load (see the
pink dashed line in Figure 4). In other words, it is identical to the
baseload and must be increased up to the lowest quartile of the
daytime load. As shown in Figure 4, the elevated baseload level
during daytime might result in the excessive load at night which is
usually disposed. Consequently, the best method is to completely
offset the peak or daytime load by using only the
PV-electrolysis—-PEM system (see the minimum level in
Figure 4). Moreover, this study investigates the capability of
the installed PV system to operate the electrolysis system with the
PEM generator level where the shaved peak load is reduced from
25 to 15% in the simulations (S2 and S3). Additionally, four
simulations (S4 to S7) are performed in the feasibility study to
predict the installed PV capacity to accomplish the peak load
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FIGURE 7 | A time series of solar power generation transmitted into electrolysis (black solid line), baseload (blue solid line) and electricity by generated by PEM
and PV power plants (red dashed line) that come from the B1 run. Vertical bar means the production of H, gas by the electrolysis.
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FIGURE 8| A time series of peak load (blue line), solar power generation connected into grid (red line) and electricity generation due to PEM system (purple line)
from the S1 run in 2018. Y-axis in the figure is offset by the baseload (green line) to highlight the peak load during daytime.
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shave. $4 and S5 increase the PV capacity by 50% of the current
total capacity of PV plants in the JN Division. However, the
level for the peak load shave is different for the two simulations;
15% in S4 run and 10% in S5 run. In S6 and S7 simulations,
the prescribed PV capacity is twice the currently installed
capacity of the PV system. Table 2 summarizes the simulation
scenarios.

RESULTS AND DISCUSSIONS

The results from the baseload simulation performed indicates
that the PV capacity is larger than 58.5 GW, to supply the
electricity at a rate of 4,200 MWh in the JN division for 24 h
by employing the PV-electrolysis—-PEM model. Figure 7 shows
the result from the baseload run that is averaged over the 2 years
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from 2017 to 2018. Solar power generation dominates the
electricity generation during the daytime. Compared to the
electricity demand of 4,200 MWh, the excess power which is
approximately 210 GWh is accumulated between 8 and 19 KST.
The excess electricity is the power source for producing H, gas
through the water electrolysis system. Therefore, the production
of H, gas is proportional to the surplus electricity. On an average,
the H, productivity is the maximum at noon. H, gas produced by
the excessive solar energy can be employed to supply electricity at
night. The electric power from the PEM system is greater than the
baseload; 4,788 MWh power is generated by the reserve system
but the demand 1is only 4,200 MWh. Thus, the
PV-electrolysis-PEM system controls the baseload demand
like charcoal power plants. Nevertheless, the total capacity is
significantly large to be installed due to a practical economical
problem.

The discussed hybrid model works better as the peak load
shave model which is proved from the S1 run (Figure 8). The

peak load (= total load—baseload) at noon is 250 MWh when the
PV power generation is 230 MWh. The difference between the
peak load and PV power generation is 20 MWh that is
compensated by the PEM system which generates the electric
power using H, gas. The seasonal characteristics are evident in
Figure 9. In spring and fall, the capacity factor of the PEM system
is expected to be relatively lower than the other seasons. This is
because that sky is usually clear in these seasons in Korea (Chung
et al.,, 2004; Ho et al., 2006; Ha et al., 2012) and therefore, the
electrolysis system operates to produce H, gas. However, in
winters, the PEM system generates electricity in the morning,
i.e., the 100 MWh electricity power is supplied to the grid or load
at 10 KST. In the present study, the PV-electrolysis—-PEM model
simulations are performed for each scenario during two
consecutive years and subsequently the results are considered
from the simulation in the second year. In the first year, the
electricity demand is not compensated for by the PV plants and
PEM system in the first winter season, i.e., January to February
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2017 because the model considers an empty H, gas storage during
the first year. Figure 10 illustrates the seasonal variations in the
simulated load and power in 2017. Except the winter season, the
trend is very similar to the simulation results in the second year
(Figure 9). The PV and PEM power systems cannot supply the
electricity demand in winter to make a positive net load in the
morning hours. The load characteristics during the second-year
changes, as evident from the simulation results. This is because
the H, gas accumulated in 2017 is sufficient to shave the peak load
in winter.

Meanwhile, the S2 run was successful because the 700 MW/,
PV plants installed in the JN division can mitigate the peak load
during daytime (Figure 11A). In contrast, the net load shown in
Figure 11B is the direct result from the S3 run. It implies that the
S3 run failed to operate the grid system when the peak load level is
reduced to the lowest value, which is 15% of the daytime load. In
other words, the primary power supplied by the solar power
generation with the PEM system as the secondary source cannot

supply sufficient electricity to offset the net load. We increased the
PV capacity in the JN division from 700 MW, to 1050 MW/, in
the S4 run in which the level for peak load shave is identical to the
S3 run. Figure 12A illustrates no net load in the S4 run, implying
that the daytime load is compensated by the solar power
generation and the reserved power, ie., the PEM system with
H, gas. In the S5 run, which was a more aggressive strategy for the
peak load shave model, the PV capacity is not sufficient to
generate electricity for the load and electrolysis (Figure 12B).
Moreover, the S6 run, in which the PV capacity was twice the
currently installed capacity, also failed to compensate the net load
(Figure 12C). Subsequently, a successful simulation S7 was
performed in which the PV capacity is set extremely high to
1750 MW,,. The results from the S7 run indicates that the peak
load can be mitigated to its lowest value (10% of the daytime load)
by using the solar power generation and PEM system.

Finally, the capacity factors for each simulation were
compared. The annual capacity factor is calculated as follows:
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FIGURE 11 | Same as Figure 8 but from S2 run (A) and S3 run (B).
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FIGURE 12 | Same as Figure 8 but from S4 run (A), S5 run (B), S6 run (C) and S7 run (D).
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TABLE 3 | The summary of capacity factor, PEM usage rate and H, storage
resulted from the all simulations. Total, Grid and H, indicate that the electricity
generated by PV plants, transmitted into the grid (load) and electrolysis,
respectively.

Simulation  Total (%) Grid (%) H, (%) PEM (%) Storage (kg)

B1 17.5 3.4 141 50 -

S1 15.0 7.7 7.3 11.2 3,296

S2 15.0 8.9 6.1 14.8 697

S3 15.0 10.3 4.7 14.2 0

S4 15.0 10.5 4.5 15.4 382

S5 15.0 11.5 3.5 138.7 9

S6 15.0 11.6 3.4 151 64

S7 15.0 1.7 3.3 14.5 1,265
CF (%) AEP (Wh) x 100, (8)

~ Capacity (W) x 8760 (h)

where AEP means the annual energy production, ie., the
solar power generation in a single year. Because the capacity
factor of the PEM system cannot be calculated using Eq. 8,
this study defines the operation rate as the ratio of the PEM
system usage hours to 8,760 h. Table 3 summarizes the results
of all the simulations. In the baseload run, the capacity factor
of the PV plants is 17.5% of which 14.1% is transmitted into
the electrolysis system. The PV plants must be installed to
facilitate electrolysis that is coupled to the PEM system as a
reserve power source. The capacity factor of the PV plants is
same for all the peak load shave runs because the incoming
solar irradiance is identical despite the change in PV capacity.
When compared to the S2 run, in S1 run a significant portion
of electricity generated by the PV plants is utilized to produce
the H2 gas. However, it does not mean that the electricity is
generated by the PEM system using H2 gas. The PEM usage
rate is 11.2% which is much lower than 14.8% from the S2
run. The S1 run produces H, gas but most of it is stored in the gas
tank. As the level for the peak load shave is lowered, the capacity
factor for the PV use increased. This is because the primary
source for the peak load shave model is the PV plants. The
simulations in the S2 and S4 runs were successful because H, gas
remains nominal. The PEM usage rate is more than 14.0% for
these two simulations with similar capacity factors as the PV
power plants. Therefore, the electrolysis-PEM system plays a
significant role as the reserve power in the solar power generation
during daytime.

CONCLUSION

This study developed a PV-electrolysis—PEM hybrid model
for a feasibility study and carried out simulations for several
scenarios in Korea. The UASIBS-KIER model derives the solar
irradiance using satellite imagery at 1 km x 1km pixels every
15 min over the Korean peninsula. The annual total irradiance,

PV —Electrolysis —PEM Model in Korea

averaged over 24 years from 1996 to 2019 is 1,310 kWh m™>.
In 2017, the average solar irradiance is the maximum. The
spatial distribution of solar irradiance represents that the JN
division out of the 17 administrative divisions in Korea is an
appropriate region for solar power generation, which is consistent
with the installed capacity in this region. The electricity load
or demand in the JN division exhibits the peak load during
daytime. At night, the demand gradually decreases and therefore,
the minimum value is exhibited at four KST.

Even if the PV system was simultaneously connected to the
grid and electrolysis system in the performance model, the top
priority of the PV system is to supply electricity to the grid or
load. Subsequently, the surplus solar power is employed to
produce H, gas using the electrolysis system. H, gas stored in
the tank can be transported into the PEM system when the solar
irradiance is significantly less to generate electricity or when the
electricity demand is extremely high. Solar irradiance is first
converted into the POA irradiance at the azimuth and slope
angles of 180" and latitude, respectively. The PV power is then
estimated using Eq. 1. This study ignored the impacts of soiling
and cell temperature on the efficiency of the PV module because
the exact information for each module installed in the JN division
is unavailable.

In this study, eight scenarios including one baseload and
seven peak load shave runs were considered. The baseload run
examined if the PV-electrolysis-PEM system can supply
electricity for the baseload like the conventional power plants.
The performance model results indicate that the capacity
of the PV plants must be increased to 58.5 GW at a given
baseload of 4200 MW every hour. This proves that the
PV-electrolysis—-PEM system is not appropriate as an
alternative to the conventional power plants. Instead, this
system is more efficient for the peak load shave.
Subsequent simulations considering the peak load shave
exhibits that the peak load can be reduced by the solar power
generation and PEM system. The PEM system is more useful in
winter because the solar irradiance is relatively weak in that
season.

Thus, the PV-electrolysis-PEM system was investigated
for various scenarios in Korea. The proposed model is simple
but the first attempt to analyze the impact of electrolysis—PEM
on the grid connected system. This study examined the
performance model at macroscale because the electricity load
information is not available in detail. Renewable energy is
more efficient in a distributed power system which is directly
related to the micro-grid system. The performance model gives
a significant insight to develop the control logic model for
the PV-electrolysis-PEM system in a micro-grid setup. In
spite of elaborated effort on the performance model, the
model results suggest that the H, storage system is
occasionally competitive to the other energy storage systems,
ie, electricity storage system as well as pumped storage.
Therefore the economic analysis including the Levelized Cost
of Energy still remains for the further analysis.

Frontiers in Chemistry | www.frontiersin.org

September 2021 | Volume 9 | Article 732582


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Kim et al.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article
will be made available by the authors, without undue
reservation.

AUTHOR CONTRIBUTIONS

CKK and H-SC conceptualized and designed the study. C-HK
provided the data for system. H-GK supervised the research. CKK

REFERENCES

Barbir, F. (2005a). “CHAPTER 7 - Fuel Cell Modeling,” in PEM Fuel Cells. Editor F. Barbir
(Burlington: Academic Press), 207-248. doi:10.1016/b978-012078142-3/50008-2
Barbir, F. (2005b). PEM Electrolysis for Production of Hydrogen from Renewable

Energy Sources. Solar Energy 78, 661-669. doi:10.1016/j.solener.2004.09.003

Budak, Y., and Devrim, Y. (2019). Comparative Study of PV/PEM Fuel Cell Hybrid
Energy System Based on Methanol and Water Electrolysis. Energ. Convers.
Manag. 179, 46-57. doi:10.1016/j.enconman.2018.10.053

Chen, Y. C,, and Dominguez-Garcia, A. D. (2012). A Method to Study the Effect of
Renewable Resource Variability on Power System Dynamics. IEEE Trans.
Power Syst. 27, 1978-1989. doi:10.1109/tpwrs.2012.2194168

Chung, Y.-S.,, Yoon, M.-B., and Kim, H.-S. (2004). On Climate Variations and
Changes Observed in South Korea. Climatic Change 66, 151-161. doi:10.1023/
b:clim.0000043141.54763.8

Dahbi, S, Aziz, A, Messaoudi, A, Mazozi, I, Kassmi, K, and Benazzi, N. (2018).
Management of Excess Energy in a Photovoltaic/grid System by Production of Clean
Hydrogen. Int. J. Hydrogen Energ. 43, 5283-5299. doi:10.1016/j.ijhydene.2017.11.022

Dobos, A. P. (2014). PVWatts Version 5 Manual Technical Report. Report Number
is NREL/TP-6A20-62641. CO, United States: NREL in Golden.

Ebaid, M. S. Y., Hammad, M., and Alghamdi, T. (2015). THERMO Economic
Analysis of PV and Hydrogen Gas Turbine Hybrid Power Plant of 100 MW
Power Output. Int. ]. Hydrogen Energ. 40, 12120-12143. doi:10.1016/
j.ijhydene.2015.07.077

Ghenai, C., and Bettayeb, M. (2019). Grid-Tied Solar PV/Fuel Cell Hybrid Power
System for University Building. Energ. Proced. 159, 96-103. doi:10.1016/
j.egypro.2018.12.025

Gibson, T., and Kelly, N. (2008). Optimization of Solar Powered Hydrogen
Production Using Photovoltaic Electrolysis Devices. Int. J. Hydrogen Energ.
33, 5931-5940. doi:10.1016/j.ijhydene.2008.05.106

Gibson, T. L., and Kelly, N. A. (2010). Predicting Efficiency of Solar Powered
Hydrogen Generation Using Photovoltaic-Electrolysis Devices. Int. J. Hydrogen
Energ. 35, 900-911. doi:10.1016/j.ijjhydene.2009.11.074

Gupta, N., Alapatt, G. F., Podila, R,, Singh, R., and Poole, K. F. (2009). Prospects of
Nanostructure-Based Solar Cells for Manufacturing Future Generations of
Photovoltaic Modules. Int. J. Photoenergy 2009, 154059. doi:10.1155/2009/154059

Ha, K.-J., Heo, K.-Y,, Lee, S.-S., Yun, K.-S., and Jhun, J.-G. (2012). Variability in the
East Asian Monsoon: a Review. Met. Apps 19, 200-215. doi:10.1002/met.1320

Ho, C.-H,, Lee, E.-J,, Lee, I, and Jeong, S.-J. (2006). Earlier spring in Seoul, Korea.
Int. J. Climatol. 26, 2117-2127. doi:10.1002/joc.1356

Hwang, J. J., Lai, L. K, Wu, W, and Chang, W. R. (2009). Dynamic Modeling of a
Photovoltaic Hydrogen Fuel Cell Hybrid System. Int. J. Hydrogen Energ. 34,
9531-9542. doi:10.1016/j.ijhydene.2009.09.100

PV —Electrolysis —PEM Model in Korea

and H-SC wrote sections of the manuscript. All authors
contributed to the manuscript revision, read, and approved the
submitted version.

FUNDING

This work was supported by the Korea Institute of Energy
Technology Evaluation and Planning (KETEP) grant funded
by the Korean government (MOTIE) (20207200000070).

Joneydi Shariatzadeh, O., Refahi, A. H., Abolhassani, S. S., and Rahmani, M.
(2015). Modeling and Optimization of a Novel Solar Chimney
Cogeneration Power Plant Combined with Solid Oxide Electrolysis/
fuel Cell. Energ. Convers. Manag. 105, 423-432. doi:10.1016/
j.enconman.2015.07.054

Kim, C. K., Kim, H.-G,, Kang, Y.-H., and Yun, C.-Y. (2017). Toward Improved
Solar Irradiance Forecasts: Comparison of the Global Horizontal Irradiances
Derived from the COMS Satellite Imagery over the Korean Peninsula. Pure
Appl. Geophys. 174, 2773-2792. doi:10.1007/500024-017-1578-y

Lehman, P., and Chamberlin, C. (1991). Design of a Photovoltaic-Hydrogen-Fuel
Cell Energy System. Int. ]. Hydrogen Energ. 16, 349-352. d0i:10.1016/0360-
3199(91)90172-f

Ozgirgin, E., Devrim, Y., and Albostan, A. (2015). Modeling and Simulation of a
Hybrid Photovoltaic (PV) Module-Electrolyzer-PEM Fuel Cell System for
Micro-cogeneration Applications. Int. ]. Hydrogen Energ. 40, 15336-15342.
doi:10.1016/j.ijhydene.2015.06.122

Paola, A., Fabrizio, Z., and Fabio, O. (2011). Techno-economic Optimisation
of Hydrogen Production by PV - Electrolysis: "RenHydrogen" Simulation
Program. Int. J. Hydrogen Energ. 36, 1371-1381. do0i:10.1016/
j.ijhydene.2010.10.068

Ren21 (2021). Renewables 2021 Global Status Report. Paris: REN21 Sectetariat.

Smolinka, T., Ojong, E. T., and Garche, J. (2015). “Hydrogen Production from
Renewable Energies-Electrolyzer Technologies,” in Electrochemical Energy
Storage for Renewable Sources and Grid Balancing. Editors P. T. Moseley
and J. Garche (Amsterdam: Elsevier), 103-128. doi:10.1016/b978-0-444-
62616-5.00008-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Kim, Cho, Kim, Cho and Kim. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org

September 2021 | Volume 9 | Article 732582


https://doi.org/10.1016/b978-012078142-3/50008-2
https://doi.org/10.1016/j.solener.2004.09.003
https://doi.org/10.1016/j.enconman.2018.10.053
https://doi.org/10.1109/tpwrs.2012.2194168
https://doi.org/10.1023/b:clim.0000043141.54763.f8
https://doi.org/10.1023/b:clim.0000043141.54763.f8
https://doi.org/10.1016/j.ijhydene.2017.11.022
https://doi.org/10.1016/j.ijhydene.2015.07.077
https://doi.org/10.1016/j.ijhydene.2015.07.077
https://doi.org/10.1016/j.egypro.2018.12.025
https://doi.org/10.1016/j.egypro.2018.12.025
https://doi.org/10.1016/j.ijhydene.2008.05.106
https://doi.org/10.1016/j.ijhydene.2009.11.074
https://doi.org/10.1155/2009/154059
https://doi.org/10.1002/met.1320
https://doi.org/10.1002/joc.1356
https://doi.org/10.1016/j.ijhydene.2009.09.100
https://doi.org/10.1016/j.enconman.2015.07.054
https://doi.org/10.1016/j.enconman.2015.07.054
https://doi.org/10.1007/s00024-017-1578-y
https://doi.org/10.1016/0360-3199(91)90172-f
https://doi.org/10.1016/0360-3199(91)90172-f
https://doi.org/10.1016/j.ijhydene.2015.06.122
https://doi.org/10.1016/j.ijhydene.2010.10.068
https://doi.org/10.1016/j.ijhydene.2010.10.068
https://doi.org/10.1016/b978-0-444-62616-5.00008-5
https://doi.org/10.1016/b978-0-444-62616-5.00008-5
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	A Feasibility Study of Photovoltaic—Electrolysis—PEM Hybrid System Integrated Into the Electric Grid System Over the Korean ...
	Introduction
	Current Status of Renewable Energy in Korea
	Annual Solar Irradiance
	Electricity Load in Korea

	Numerical Simulation Design
	Performance Modeling
	Photovoltaic–Electrolysis–Proton Exchange Membrane System
	Scenarios for Performance Model

	Results and Discussions
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


