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Abstract

Driven by the 2011 nuclear disaster, Namie Town, Fukushima, is aiming to implement a
standalone 100% renewable energy system by 2035 using regional resources. This study
clarifies the optimal configuration of a carbon-neutral energy system, focusing on hydro-
gen’s role as a final energy carrier. To achieve this, we developed a linear programming
model integrating energy supply, storage, and service demands with hourly temporal reso-
lution. This model determines the optimal installed capacities and hourly operation of all
facilities to minimize the total annual system cost. Using this optimization framework, we
quantitatively compared an “E case” (electricity supply only) and an “EH case” (combined
electricity and hydrogen supply). The results indicate that the EH case optimizes facility
capacity through appropriate role allocation between batteries and hydrogen. Specifically,
in this case, the hydrogen power generation capacity decreased by 41.3% compared to that
in the E case. Furthermore, avoiding hydrogen-to-electricity reconversion losses reduced
the required renewable generation by 7.6%, leading to a 6.8% reduction in total system
costs. These findings demonstrate that utilizing hydrogen as a flexible carrier connecting
supply and demand—rather than merely as a storage medium—effectively achieves energy
efficiency and economic viability in regional standalone energy systems.

Keywords: 100% renewable energy systems; hydrogen utilization; energy chain model;
optimization; carbon neutrality; energy service demand; Namie Town; sector coupling

1. Introduction

The Japanese government is aiming to achieve carbon neutrality by 2050 by promoting

W) Check for updates the deployment of renewable energy. In this context, the construction of decentralized

energy systems utilizing regional resources is gaining importance in local municipali-
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spectives of regional revitalization and improving resilience. Crucially, ensuring energy
security has become a pressing issue. The current global geopolitical instability has high-
lighted the vulnerability of energy supply chains dependent on imported fossil fuels. Thus,
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extensive damage caused by the 2011 Great East Japan Earthquake and associated nuclear
disaster. In 2023, Namie Town formulated the “Namie Energy Challenge 2035” plan, the
goal of which is to achieve carbon neutrality by 2035. Importantly, Namie Town shows
significant potential for transitioning to renewable energy resources, such as solar, wind,
and hydropower, and the technical infrastructure necessary for constructing a regional
energy system. In addition, the town hosts the Fukushima Hydrogen Energy Research
Field (FH2R), a large-scale hydrogen production demonstration facility, which provides an
established foundation for utilizing hydrogen energy [1].

Energy storage systems (ESSs) are becoming increasingly important as a countermea-
sure against output fluctuations associated with the expanded deployment of variable
renewable energy (VRE). Among ESS technologies, Battery Energy Storage Systems (BESS)
are widely recognized for their high reliability and round-trip efficiency, making them
highly effective for managing short-term power fluctuations and providing frequency
support [2]. However, relying solely on BESS for large-scale, long-duration energy shifting
entails economic challenges due to the high capital costs associated with expanding storage
capacity [3]. In this context, hydrogen storage (Power-to-Gas: P2G), which allows for
large-capacity and long-term storage, is becoming increasingly important for stabilizing
energy systems. The utility of P2G technology has been demonstrated in previous studies.
For example, Gotz et al. [4] conducted a comprehensive review of P2G technology and
concluded that converting and storing surplus electricity into gaseous fuels such as hydro-
gen is technically and economically viable for enhancing the flexibility of energy systems.
Similarly, Komiyama et al. [5] performed an optimization analysis targeting the Japanese
power system, quantitatively showing that hydrogen storage significantly contributes to
reducing grid integration costs and avoiding curtailment in scenarios with large-scale
VRE integration. Furthermore, Yamamoto et al. [3] demonstrated that a hybrid storage
system, where batteries handle short-term daily cycles and hydrogen storage handles
long-term seasonal cycles, is more cost-effective for 100% VRE systems than relying on a
single storage technology. Therefore, identifying the optimal role allocation between these
technologies is crucial.

Research on regional standalone energy systems is also advancing. Laimon and
Yusaf [6] verified the effectiveness of an “Integrated Renewable Energy and Hydrogen
System (IREDHS)” through an analysis using system dynamics. Their results clarified
that complete energy independence is technically and economically feasible. Meanwhile,
Yamamoto et al. [3] aimed to optimize facility capacities and costs by developing a cost-
minimization model for a 100% VRE system. Their study demonstrated that a hybrid
storage system combining batteries and hydrogen can reduce the costs of stable supply
more effectively than a single storage system. They also pointed out the effectiveness of
simultaneously supplying both electricity and hydrogen.

Furthermore, integrated system design (sector coupling), which encompasses both the
supply and demand sides, has become increasingly important in recent years. Lund et al. [7]
proposed the concept of “Smart Energy Systems” that integrate electricity, heating, and
transportation infrastructures. They argued that flexibly coupling demands from each sector
is essential for realizing a 100% renewable energy system. In a study embodying this concept
within the Japanese context, Yamamoto [8] developed an “energy chains model” focusing
on “energy service demand.” In this model, end-use technologies are selected endogenously
to satisfy final service demands such as water heating, air conditioning, and transportation.
Furthermore, this study demonstrated that both CO, emissions and system costs can be
reduced by actively managing certain demand patterns (demand response, DR).

We have previously conducted a cost-optimization analysis of an energy system for
Namie Town. In our study, we examined a system that met electricity demands using
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renewable energy, batteries, and hydrogen storage. However, this model limited the energy
demand to electricity and did not account for the entirety of the energy chain, which
includes non-electric energy demands. Consequently, the role of hydrogen in a regional
standalone 100% renewable energy system has only been evaluated within a limited scope.
Specifically, there has been insufficient investigation into the optimal supply distribution
when hydrogen is used not only for reconversion to electricity but also directly as a final
energy carrier for specific regional industrial and residential service demands.

To clarify the positioning of this study and the proposed system configuration com-
pared to previous research, a comparison of existing solutions is summarized in Table 1.
While Xiong et al. [2] and Komiyama et al. [5] analyzed grid-connected systems, they
did not address the challenges of supply—demand balancing in standalone environments.
Laimon & Yusaf [6] and Yamamoto et al. [3] focused on standalone systems; however, the
former relied on system dynamics without cost optimization, and the latter assumed a
simplified constant hydrogen demand, which does not reflect the fluctuations of actual
end-use services. This study bridges these gaps in the literature by optimizing a standalone
system that satisfies hourly varying service demands across electricity, heat, and mobility
sectors through the direct utilization of hydrogen.

Table 1. Comparison of this study with existing literature.

Grid . . Hydrogen Time
Author Target Area Connection Supply Side Demand Side Storage Tech Scope Resolution
Xiong Local (Wind Farm . Elec. (Frequency
etal. [2] in Yunnan, China) Connected Wind Support) Battery, Heat N/A 05s
Power Gen,
Yamamoto . . ] Elec., H, Battery, Hy . !
etal. [3] National (Japan) Off-grid Solar, Wind (Constant Load) Storave Direct 1h
& Supply
. . PV, Wind,
Komlyazn a Regional (Tohoku, Connected Fossil Thermal, Elec. Battery, Hy Power Gen 10 min
etal. [5] Japan) Nuclear, etc Storage
. . Elec., Heat, Power Gen,
Laimon & chal (Re.s l.den_ Off-grid Solar, Wind Transport (Sector H, Storage Direct N/A
Yusaf [6] tial / Facility) Coupling) Supply
Yamamoto PV, Wind, Elec., Heat,
8] National (Japan) Connected Fossil Thermal, Transport (Sector Battery Not used 1h
Nuclear, etc. Coupling)
. . Elec., Heat, Power Gen,
This Study Loc]a; (I;Ina)mle, Off-grid P\Ifi Vgir;d’ Transport (Sector Bastttsg, I:Z Direct 1h
P 4 Coupling) 8 Supply

The objective of this study is to evaluate the allocation of electricity and hydrogen
supplies by optimizing the entire energy chain, including non-electric energy demands,
within a regional standalone 100% renewable energy system. To achieve this objective,
a new energy chain model was developed based on the methodology described by Ya-
mamoto [8]. This model incorporates comprehensive energy service demands across all
sectors—industrial, commercial, residential, and transportation—covering specific end-
uses ranging from heating and mobility to daily necessities such as cooking and appliance
use, and is designed to allow these demands to be satisfied by either electricity or hydrogen.
Using the developed model, a quantitative analysis was performed by comparing a case
where all demands are supplied solely by electricity with a case where both electricity
and hydrogen are utilized. Based on the above, the main contributions of this study are
summarized as follows:

e  Development of a comprehensive hourly energy chain model: We developed a detailed
mathematical model that simulates the hourly energy flow from renewable generation
to service demand, explicitly incorporating non-electric demands such as heating
and transportation.

https://doi.org/10.3390/en19051125


https://doi.org/10.3390/en19051125

Energies 2026, 19, 1125

40f19

PV

Onshore
Wind

Hydro
power

e  Comparative analysis of energy system configurations: We quantitatively evalu-
ated and compared two scenarios: a system where all service demands are satis-
fied solely by electricity (E case) and a system where service demands are satisfied
by both electricity and direct hydrogen supply (EH case) to determine the optimal
system configuration.

e  C(larification of hydrogen’s role in a standalone energy system: We demonstrated the
specific role of hydrogen in mitigating renewable energy curtailment and reducing
total system costs, providing insights into the feasibility of a model for 100% local
production for local consumption.

2. Overview and Formulation of the Energy Chain Model
2.1. Model Overview

We constructed an energy chain model, as shown in Figure 1, to evaluate a 100%
renewable energy-based standalone energy system in Namie Town, Fukushima Prefecture.
The primary objective of this model is to evaluate the impact of direct hydrogen utilization
on the overall energy system. The system is designed as a standalone model with no
connection to external power grids and satisfies all local energy service demands solely
through regional renewable energy sources. The objective function is defined as the
minimization of the total annual cost of the entire energy chain.

i Curtailment | Elecsicity
== Hydrogen
Industrial Industrial
End-Use F Service
T Equipment Demand
i Power Grid ! l
"""""""" Commercial Commercial
' End-Use Service
Battery Equipment Demand
Hydrogen
Power i .
Residential Residential
End-Use Service
Equipment ' Demand

Water
B Hydrogen !
giyesctté?TI]ysm Storage i Hy Pipeline Eradnsuportatio gransportation
: nd-Use ervice
""""""""" Equipment Demand

Figure 1. Schematic diagram of the energy chain model. Yellow lines indicate electricity flows, and

blue lines indicate hydrogen flows. The width of the lines represents logical connections, not energy
quantities. Blocks with solid outlines represent physical technologies (generation, storage, or end-use)
and demand sectors. Blocks with dashed outlines represent infrastructure nodes (power grid or Hp
pipeline) and system states (curtailment). Arrows indicate the direction of energy flow from sources
to end-use sectors. Note that the energy flows originating from renewable sources represent the
theoretical generation potential. “Curtailment” indicates the surplus energy that is not utilized or
stored within the system.

On the supply side, solar, onshore wind, and hydropower are assumed to be the
primary energy sources. The hourly power generation patterns for each source are input
into the model as exogenous data. The generated electricity can be directly supplied to end-
use equipment, battery charging, or hydrogen production via water electrolysis systems,
and surplus electricity is treated as curtailment. The produced hydrogen is utilized for
reconversion to electricity via hydrogen power generation or is directly supplied to end-use
equipment after being stored in hydrogen storage tanks. The installed capacities of all
facilities—including PV, onshore wind, hydropower, batteries, water electrolysis systems,
hydrogen storage tanks, and hydrogen power—are determined endogenously within
the model.
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On the demand side, the model adopts the concept of energy service demand, as

shown in Table 2. Each service demand is satisfied through end-use equipment that

consumes either electricity or hydrogen, the choice of which and its respective supply share

are determined endogenously through optimization.

Table 2. Energy services and end-use technologies.

Sector Service Electric Power Hydrogen
Industry Heating Electric Heater Hydrogen Burner
High-Temperature Boiler Electric Boiler Hydrogen Boiler
Low-Temperature Boiler Electric Boiler, HPWH Hydrogen Boiler
Other Electric Electric Appliances -
Other Solid Fuel Electric Appliances Hydrogen Appliances
Other Liquid Fuel Electric Appliances Hydrogen Appliances
Other Gas Fuel Electric Appliances Hydrogen Appliances
Commercial Appliances Electric Appliances -
Cooling Air Conditioner Absorption Chiller
Cooking Electric Appliances Hydrogen Appliances
) Electric Water Heater,
Water Heating HPWH Hydrogen Water Heater
Space Heating Air Conditioner Hydrogen Heater
Residential Appliances Electric Appliances -
Cooling Air Conditioner -
Cooking Electric Appliances Hydrogen Appliances
) Electric Water Heater,
Water Heating HPWH Hydrogen Water Heater
Space Heating Air Conditioner Hydrogen Heater
Transportation Road Passenger EV FCV
Road Freight EV FCV
Rail Electric Train -
Aviation and Shipping - -

Notes: HPWH, Heat Pump Water Heater; EV, Electric Vehicle; FCV, Fuel Cell Vehicle.

The calculation assumptions are as follows: the target period is the single year of 2035,

which Namie Town has designated as the target year for achieving carbon neutrality. The

model considers the annual supply—demand balance with a temporal resolution of one hour.

The optimization model was formulated as a linear programming (LP) problem and
implemented using GAMS 46.5.0 with the CPLEX solver. The GAMS code was developed
and debugged with the assistance of Gemini 3 (Google). The authors have thoroughly

reviewed the generated code for logical and technical accuracy and take full responsibility

for the methodology.

2.2. Objective Function

The objective function is the minimization of the total annual cost (TC) of the entire

energy chain. The total annual cost TC is defined by Equation (1):

TC = den CAPgE”'uCSE” .depgen + Zess CAPess 'ucess'depess + Ztech FACCOSTt“h + Ztech CVSTECHtECh’

where

e  TC s total annual cost of the energy chains;

M

e  gen is power generation facilities (PV, onshore wind power, hydropower, and hydro-

gen power);
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e ess is energy storage systems (battery, hydrogen storage, and water electro-
lysis systems);

CAP is installed capacity of each facility;

uc is capital cost per unit capacity;

dep is annualized cost rate (depreciation rate);

tech is end-use technology;

FACCOST is capital cost of end-use technology;

CVSTECH is cost of final energy delivery and associated charges.

Here, CVSTECH represents the additional costs required to adjust the final energy
unit price in the model to the market energy price [8]. For hydrogen, the data for gas
fuel are used as a substitute; specifically, the cost is defined as the difference between the
gas fuel market price and the primary energy unit price. For electricity, it is calculated as
the difference between the retail electricity price and the average power generation cost,
accounting for transmission and distribution costs as well as business profits. These costs
were estimated based on 2010 data and are assumed to be equivalent in 2035.

The annualized cost rate dep is defined as the sum of the capital recovery factor—
calculated from the discount rate (assumed to be 3% in this study) and the service life of
each facility—and the operation and maintenance (O&M) cost rate. The specific parameters
for each facility are detailed in Section 3.

2.3. Main Constraints

The primary constraints of the energy chain model are described below, following the
flow from the demand side to the supply side.

2.3.1. Energy Service Demand Balance

Equation (2) defines the balance between the annual energy service demand and the
hourly energy service demand.

Zday,hr,tech SDTday,hr,tech'ServtEChtech,i =d;, 2)

where

day is day;

hr is hour;

i is type of energy service;

SDT is hourly energy service demand;

servtech is matrix representing the correspondence between tech and i;

d is annual energy service demand.

2.3.2. Final Energy Consumption

The final energy consumption (INPUT) required to satisfy the service demand in each
time step (SDT) is calculated using Equation (3).

Zen INPUTday,hr,en,tech 'efftech'teChentech,en = SDTday,hr,techr (3)

where

e  enis classification of final energy (electricity or hydrogen);

e INPUT is final energy consumption;

e ¢ff is energy efficiency of the end-use technology;

e  techen is matrix representing the correspondence between en and tech.

https://doi.org/10.3390/en19051125
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2.3.3. Secondary Energy Supply

The secondary energy supply (SUP) required to provide the final energy consumption
(INPUT) calculated in Equation (3) is determined by Equation (4). This equation accounts
for transmission and distribution losses, calculating the gross energy amount that must
be supplied to the grid or pipelines to satisfy the end-use demand. The calculated SUP
serves as the demand constraint in the subsequent supply—demand balance equations
(Equation (5) for electricity and Equation (6) for hydrogen).

Supday,hr,en (1 - enelossen) = Ztech INPUTduy,hr,en,techr (4)

where

e  SUPis secondary energy supply;
e  eneloss is secondary energy loss rate (set to 4.2% for electricity and 0% for hydrogen in
this study).

2.3.4. Power Supply-Demand Balance

Equation (5) is used to ensure the supply-demand balance for the electricity sector at
each time step. The total amount of electricity generated and battery discharging must equal
the total electricity consumption, including demand, storage charging, and curtailment.

PVGday,hr + WINDGday,hr+HYDGday,hr + BATDISday,hr + HTGday,hr

5
= CURTAILyqy jy + ELECTROLYSIS gy, 1y + BATCH gy jir + SUP gay o gtecs ©)

where

PVG is PV generation;

WINDG is onshore wind power generation;
HYDG is hydropower generation;

BATDIS is battery discharging;

HTG is hydrogen power generation;

CURTAIL is curtailment;

ELECTROLYSIS is electricity for water electrolysis;
e  BATCH is battery charging;

o SUPyjay iy elec 1s electricity supply.

2.3.5. Hydrogen Supply-Demand Balance

Similarly, the supply—demand balance for the hydrogen sector is defined by Equation (6).
This constraint ensures that the hydrogen discharged from storage is allocated either to
hydrogen power generation or to the hydrogen supply pipeline to meet the demand.

HTS TDISday,hr = HTGINduy,h, + SUPday,h,,hyd, (6)

where

e  HTSTDIS is hydrogen storage discharging;
e  HTGIN is hydrogen input for power generation;
®  SUPguy iy ya is hydrogen supply.

https://doi.org/10.3390/en19051125
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3. Data for the Energy Chain Model

3.1. Supply-Side Data
3.1.1. Hourly Renewable Energy Generation Patterns

The hourly power generation patterns for renewable energy were developed using
the following methods and data. The PV generation pattern was calculated based on the
method described in [9], using hourly solar radiation [10] and temperature data [11] from
Namie Town. Specifically, this calculation explicitly accounts for the temperature coefficient
of the PV modules, incorporating the effect of ambient temperature on conversion effi-
ciency. The onshore wind power generation pattern was based on locations with favorable
wind conditions in the southern part of Namie Town. This pattern was generated using
simulation tools [12,13]. The hydropower generation pattern was developed based on the
monthly water discharge data for hydropower plants in the Tohoku region [8]. Figure 2
illustrates the hourly capacity factors of these renewable energy sources for representative
weeks in winter (1-7 January) and summer (1-7 August).
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Figure 2. Hourly capacity factor of renewable energy sources in Namie Town: (a) winter (1-7 January);
(b) summer (1-7 August).

3.1.2. Upper Limits for Renewable Energy Installed Capacity

Upper limits were established for the installed capacity of each renewable energy
facility. These values are based on the deployment potential published by the town [1].
The specific upper limits are 105.9 MW for PV, 1086.0 MW for onshore wind power, and
3.8 MW for hydropower.

3.1.3. Techno-Economic Parameters for Facilities

Table 3 presents the primary technical and economic parameters for each facility. The
capital costs for power generation facilities were determined for the year 2035, calculated
through linear interpolation using the projected costs for 2030 and 2040 [14]. The costs for
batteries, hydrogen storage tanks, and water electrolysis systems were set in accordance
with the data provided in [5].
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Table 3. Techno-economic parameters for power generation and energy storage systems.
Capital Cost Capital Cost . . Capacity Operating Range  Lifetime
[JPY/KW] [JPY/KWh] Efficiency £ tor (SoC/Load) [Years] O&M Rate
PV 148,000 0.162 25 0.032
Onshore
Wind 272,000 0.264 25 0.040
Hydropower 640,000 0.460 40 0.025
Battery 20,000 >02, <0.8 20 0.030
(Storage)
Battery (PCS) 60,000 0.800 <0.8 20 0.030
Hydrogen 1400 >0.2, <0.8 20 0.030
Storage
Water
Electrolysis 60,000 0.821 <0.8 20 0.030
System
Hydrogen 209,000 0.570 <0.8 40 0.044
Power
Notes: PCS is Power Conversion System; SoC is State of Charge. For the water electrolysis system, the capital cost
represents the combined costs of the electrolyzer and the hydrogen compressor. The efficiency is calculated as the
system efficiency, accounting for the power consumption of the compressor.
3.2. Demand-Side Data
3.2.1. Energy Service Demand Estimation

We estimated the energy service demand for Namie Town in 2035 using the procedure
outlined below. As a prerequisite for the estimation, the sectoral demand structure from
2010 (prior to the 2011 earthquake) was assumed to be maintained.

In the first step, the energy service demand for Fukushima Prefecture in 2010 was
calculated. This calculation utilized the energy consumption statistics of Fukushima Prefec-
ture in 2010 [15] and the estimation method for prefecture-level energy service demand
described in [16].

In the second step, the calculated demand for Fukushima Prefecture was apportioned
to Namie Town based on statistical indicators to estimate the demand for Namie Town in
2010. The indicators used for apportionment varied by sector: the value of manufactured
goods shipments [17] was used for the industrial sector, the number of employees [18] for the
commercial sector, and the population [19] for the residential and transportation sectors.

In the third step, the 2010 demand was scaled based on the population ratio to obtain
the energy service demand for Namie Town in 2035 (Table 4). Specifically, the ratio between
the population in 2010 (20,905 people) [19] and the estimated population for 2035 (7923
people) based on the town’s reconstruction plan [20] was applied.

Table 4. Estimated annual energy service demand in Namie Town for 2035.
. Energy Service . Energy Service

Sector Service Demand [TJ] Sector Service Demand [TJ]
Industry 99.9 Residential 184.6

Heating 11.8 Appliances 194

High-Temperature .

: 24.3 Cooling 50.8

Boiler

Low-Temperature 167 Cooking 49

Boiler

Other Electric 23.8 Water Heating 27.4

Other Solid Fuel 74 Space Heating 82.1

Other Liquid Fuel 14.6  Transportation 19.8

Other Gas Fuel 13 Road Passenger 11.2
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Table 4. Cont.

Sector

Service

Energy Service
Demand [T]]

Energy Service

Service Demand [T]]

Sector

Commercial

136.2 Road Freight 8.3

Appliances 23.8 Rail 0.3

Cooling
Cooking

26.6 AV'1at1.on and 0
Shipping

9.5 Total 440.5

Water Heating 29.1
Space Heating 47.3

Regarding “Aviation and Shipping” in the transportation sector, the demand was assumed
to be zero. This is because there are no airports or large-scale port facilities in Namie Town.

3.2.2. Hourly Patterns of Energy Service Demand

The hourly demand patterns for each end-use technology listed in Table 2 were, in
principle, based on the electricity demand patterns described in [8]. The hourly patterns for
hydrogen demand were also set to be identical to the electricity demand patterns of the corre-
sponding categories. It should be noted that these hourly demand patterns reflect seasonal
variations, particularly regarding space heating and cooling demands, which fluctuate signifi-
cantly between the summer and winter months. In addition, considering the characteristics
and applications of energy carriers, individual settings were applied to the following items.

First, conventional electric and gas water heaters are assumed to be instantaneous
types without hot water storage functions, and energy is supplied immediately when there
is demand. The demand pattern for the residential sector was set based on the hot water
load pattern provided in [21]. The pattern for the commercial sector was calculated as
a weighted average of business-type-specific hot water load patterns [22,23], using the
number of employees by business type in Namie Town in 2009 [24] as weights.

Second, the settings for FCVs are as follows. For passenger vehicles, the customer
arrival pattern at gas stations [25] was applied. For freight vehicles, the demand pattern of
electrical equipment in the commercial sector was applied.

Third, the settings for DR target equipment are as follows. For the electricity demand of
HPWHs and EVs, the total daily demand was fixed at 1/365 of the annual demand. Under
this constraint, the hourly demand pattern within each day is determined endogenously
through optimization.

3.2.3. Data for End-Use Technologies

Table 5 presents the primary parameters for the end-use technologies, which include
the energy efficiency and costs of each. These parameters were all determined for the target
year 2035, with values calculated through linear interpolation using the data for 2030 and
2040 provided in [8].

Table 5. Techno-economic parameters for representative end-use technologies in 2035.

Sector

Service

End-Use Technology Energy Efficiency Cost [JPY/G]J-Service]

Industry

Heating

High-Temperature Boiler

Low-Temperature Boiler

Electric Heater 0.83 89
Hydrogen Boiler 0.48 96
Electric Boiler 0.95 89
Hydrogen Boiler 0.85 96
Electric Boiler 0.95 88
HPWH 4.25 687
Hydrogen Boiler 0.95 96

https://doi.org/10.3390/en19051125
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Table 5. Cont.
Sector End-Use Technology Energy Efficiency Cost [JPY/G]J-Service]
Commercial Electric Appliances 0.79 1723
Hydrogen Appliances 0.56 1436
Water Heating Electric Water Heater 0.95 222
HPWH 3.75 2227
Hydrogen Water 0.95 313
Heater
Space Heating Air Conditioner 5.51 299
Hydrogen Heater 0.84 313
Residential Water Heating Electric Water Heater 0.95 886
HPWH 3.55 3340
Hydrogen Water 091 1251
Heater
Transportation Road Passenger EV 0.42 30,017
FCV 0.21 30,017
Road Freight EV 0.42 8802
FCV 0.21 8802

Since reference [8] does not provide individual datasets for hydrogen-using equipment,
the parameters for these technologies—excluding FCVs—were assumed to be equivalent to
those for gas-fueled technologies. For FCVs, the specific data available in [8] were utilized.

4. Results and Discussion
4.1. Simulation Cases

The following two calculation cases were established to quantitatively evaluate the
impact of the role of hydrogen on system configuration and economic rationality. This
analysis compares the conventional approach, utilizing hydrogen solely as an electricity
storage medium, with an approach utilizing hydrogen directly as a final energy carrier.

e  E case: In this case, end-use technologies are limited to electricity-consuming equip-
ment, and all energy service demands are satisfied by electricity. However, the use of
hydrogen storage and hydrogen power generation is permitted.

e EH case: In this case, both electricity- and hydrogen-consuming equipment are con-
sidered end-use technologies. For each energy service demand, the choice between
electricity and hydrogen as the energy carrier is determined endogenously through
optimization to minimize the total system cost.

e  The calculation parameters, including the upper limits for renewable energy installed
capacity, facility investment costs, and energy service demands, are identical for
both cases.

4.2. Energy Carrier Configuration by Energy Service

Figure 3 shows the energy supply configuration by energy service demand in the
EH case. Overall, the results indicate that electrification is dominant across most sectors.
Specifically, high-efficiency heat pump systems, including air conditioners for space heating
and HPWHs for water heating, were selected in the residential and commercial sectors.
Similarly, EVs were chosen as the primary technology for transportation services.
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Figure 3. Breakdown of energy supply carriers for each service demand in the EH case.

In contrast, hydrogen was selected for applications where it offers a specific advantage.
A clear distinction based on temperature range was observed in industrial boiler demand:
electrification was selected for low-temperature boilers, whereas hydrogen was selected
for high-temperature boilers. Hydrogen was also selected for cooking demands in the
commercial and residential sectors.

These results clarify the distinct roles of electricity and hydrogen based on the energy
efficiency and cost-effectiveness of the available end-use technologies.

4.3. Installed Capacities

Table 6 shows the installed capacities for both cases. Overall, the EH case resulted
in smaller capacities for both power generation and storage facilities compared to the E
case. Specifically, the PV capacity decreased by 7.0 MW (8.7%). Significant reductions were
identified especially in hydrogen-related facilities: the hydrogen storage capacity decreased
by 339.9 MWh (13.5%), and the hydrogen power generation capacity saw a substantial
reduction of 3.8 MW (41.3%).

Table 6. Installed capacities.

E Case EH Case
PV [MW] 80.2 73.2
Onshore Wind [MW] 6.8 6.4
Hydropower [MW] 3.8 3.8
Battery (Storage) [MWh] 55.8 52.5
Battery (PCS) [MW] 7.1 6.6
Hydrogen Storage [MWh] 2515.8 2175.9
Water Electrolysis [MW] 31.5 314
Hydrogen Power [MW] 9.2 54

Notes: Water electrolysis denotes the rated capacity of the electrolyzer. The system implicitly includes a hydrogen
compressor sized to match the production rate.

The primary factor for this difference in capacity lies in the method of hydrogen
utilization. In the E case, the system must rely on power supply from batteries and
hydrogen power generation to compensate for shortages in renewable energy generation.
This necessitates large-scale hydrogen power generation facilities and large fuel reserves
(hydrogen storage) to handle long-term fluctuations. In contrast, in the EH case, a portion
of the energy service demand is satisfied directly by hydrogen. This reduces the amount of
energy that must pass through the hydrogen power generation process for reconversion into
electricity. Consequently, it will be possible to downsize the hydrogen power generation
equipment, which will also lead to a reduction in the required hydrogen storage capacity.
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4.4. Energy Flow

Figure 4 shows the annual energy flows for both cases. The primary structural differ-
ence between the two cases lies in the utilization pathway of the produced hydrogen.
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Figure 4. Annual energy flow diagram (unit: TJ): (a) E case; (b) EH case.

In the E case, all produced hydrogen (106.0 TJ]) is sent to hydrogen power generation
for reconversion to electricity. This pathway incurs significant energy losses due to the two-
stage conversion process consisting of water electrolysis and hydrogen power generation.

In contrast, in the EH case, approximately 75% (98.9 TJ]) of the produced hydrogen
is supplied directly to end-use equipment. The input allocated to the reconversion to
electricity (via hydrogen power generation), which causes efficiency degradation, is limited
to approximately 25% (32.8 TJ).

This difference in conversion efficiency is reflected in the required total annual elec-
tricity generation. To satisfy the same level of service demand, the total annual electricity
generation required is 481.8 T] in the EH case, compared to 521.5 T] in the E case. The EH
case succeeds in reducing the total generation by 39.8 TJ (7.6%), confirming that the direct
utilization of hydrogen contributes to the effective use of surplus renewable energy and
the reduces required installed capacities.

Furthermore, the amount of output curtailment is reduced by 18.6 TJ, from 101.2 T] in
the E case to 82.6 T] in the EH case (18.4%). This demonstrates that the diversification of
hydrogen applications allowed for more flexible absorption of VRE generation, thereby
suppressing curtailment.
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4.5. Hourly Electricity Supply-Demand Balance

Figure 5 shows the simulation results of the hourly electricity supply and demand
balance for a 14-day period in July, which includes intervals of decreased VRE generation.
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Figure 5. Hourly electricity supply-demand balance: (a) E case; (b) EH case.

In the E case, the system requires a hydrogen power generation capacity of 9.2 MW.
The primary determinant of this capacity is the constraint requiring all energy service
demands to be met solely by electricity. This leads to significant power deficits during
periods of low VRE generation. Batteries are unsuitable for large-scale, long-duration
power supply due to their high capital costs; conversely, hydrogen storage is economically
advantageous for adjusting large-scale energy imbalances due to its low capital costs.
Consequently, the E case system generates extensive hydrogen power during periods of
VRE shortage.

In the EH case, the system downsizes the hydrogen power generation capacity through
direct hydrogen supply and battery utilization. The rationale for this configuration is that
the direct supply of hydrogen as the final energy for specific service demands reduces
the overall electricity load, which consequently narrows the supply—demand gap during
periods of low VRE generation. When the power deficit is small and manageable through
short-cycle adjustments, the use of batteries is advantageous for minimizing energy losses
due to their high round-trip efficiency of 80.0%. As a result, the role of hydrogen power

https://doi.org/10.3390/en19051125


https://doi.org/10.3390/en19051125

Energies 2026, 19, 1125 15 of 19

generation in the EH case becomes limited, enabling the optimization and downsizing of
facility capacities.

4.6. System Costs and Comparison with Conventional Energy Supply

Figure 6 shows the breakdown of annual costs, with the total annual cost of the E
case normalized to 1. Compared to the E case’s total cost of JPY 3.27 billion, the EH case
achieved a cost reduction of 6.8% (JPY 3.05 billion). An analysis of the breakdown reveals
that the largest contribution to the cost reduction comes from PV facilities, followed by
hydrogen power generation and hydrogen storage facilities. The primary factor is that the
direct utilization of hydrogen in the EH case significantly reduced the need for reconversion
into electricity (via hydrogen power generation), which involves high energy losses.

1 ® Final Energy Delivery and
0.9 Associated Charges
: End-Use Equipment
0.8
- ®m Hydrogen Power
g 0.7
T(: 0.6 Hydrogen Storage
o+
-‘3 0.5 W Water Electrolysis
= 0.4
k= Battery
o 03
oo 0.2 m Hydropower
0.1 m Onshore Wind
0

m PV

E Case EH Case

Figure 6. Breakdown of annual system costs normalized to the E case. The total normalized costs are
1.00 for the E case and 0.93 for the EH case. The specific contributions of each component (E case/EH
case) are as follows: PV (32.5%/29.6%), onshore wind (5.5%/5.1%), hydropower (5.1%/5.1%), bat-
tery (4.1%/3.9%), water electrolysis (5.0%/5.0%), hydrogen storage (9.4%/8.1%), hydrogen power
(5.1%/3.0%), end-use equipment (20.4%/20.3%), and final energy delivery and associated charges
(12.9%/13.1%).

To provide a benchmark for comparison, we estimated the total annual cost assuming
that all energy demands in each sector are met through external procurement via the power
grid and natural gas (as a substitute for hydrogen). Based on 2023 unit prices from [26], this
baseline cost was calculated to be approximately JPY 1.85 billion. For a valid comparison,
we utilized the EH case’s annual cost excluding end-use equipment costs, which amounts
to JPY 2.39 billion. Comparing these figures, the proposed standalone system currently
faces challenges regarding economic competitiveness against the conventional, fossil-fuel-
dependent energy supply. However, this cost gap is expected to narrow in the future due to
risks of fossil fuel price fluctuations and the impact of carbon pricing, which is anticipated
to be fully implemented.

In addition, the CO, emission reduction effect was evaluated. Under the external
procurement scenario, assuming that the same levels of electricity and heat demand are
met using the current CO, emission factors for grid electricity and city gas [27], the annual
CO; emissions are estimated at approximately 31.3 kt-CO;. Therefore, the introduction of
the proposed system is expected to contribute to an annual reduction of about 31.3 kt-CO,.
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4.7. Challenges and Risks with the Approach of 2035

While this study demonstrates the theoretical feasibility and economic rationality of a
100% renewable energy system in 2035, several challenges and risks must be addressed for
its realization.

First, economic risks remain a significant barrier. Although the EH case reduces costs
compared to the E case, the calculated energy cost is still higher than current market prices
dependent on fossil fuels. Achieving competitiveness requires continuous cost reductions
in renewable technologies and policy support such as carbon pricing.

Second, regarding infrastructure development, although Namie Town hosts the
Fukushima Hydrogen Energy Research Field (FH2R) as a foundation for hydrogen pro-
duction, the downstream infrastructure is underdeveloped. The proposed system assumes
the widespread deployment of hydrogen distribution pipelines and hydrogen end-use
technologies (e.g., hydrogen boilers). Constructing these new infrastructures to connect
production sites with demand centers requires substantial lead time and investment.

Third, social acceptance and land regulations are essential. In the specific context of
Namie Town, a significant portion of the renewable energy potential is located in areas
affected by radioactive contamination (e.g., Difficult-to-Return Zones). Therefore, large-
scale deployment requires not only consensus building with local residents regarding
landscape preservation but also overcoming complex regulatory hurdles related to land
use in these restricted areas.

Finally, regarding the transition pathway, in this study, we conducted a “snapshot
analysis” focusing on the optimal state in the target year (2035). Moving from the current
grid-connected power system to a standalone system involves technical and operational risks
during the transition period. Future work should investigate stepwise development scenarios
that integrate existing infrastructure with the gradual introduction of hydrogen technologies.

5. Conclusions

In this study, the effects of directly utilizing hydrogen as a final energy carrier
were evaluated for a 100% renewable energy standalone energy system in Namie Town,
Fukushima, in 2035. To achieve this, a model of the energy chains considering energy
service demands was constructed, and a comparative analysis was performed between the
E case and the EH case. The main findings obtained from this study are summarized in the
following two points.

1.  Optimization of facility capacities through appropriate role allocation between electric-
ity and hydrogen: The appropriate allocation of roles between electricity and hydrogen
in end-use technologies contributes to the optimization of generation and storage fa-
cility capacities. In the E case, 9.2 MW of hydrogen power generation capacity was
required to compensate for shortages in renewable energy generation. In contrast, the
EH case optimized the system by assigning complementary roles to batteries and hy-
drogen. Specifically, batteries were utilized for immediate supply—demand balancing,
while hydrogen was prioritized for direct final use in applications such as industrial
high-temperature boilers and cooking, where it avoids the significant energy losses
associated with reconversion to electricity. This role differentiation suppressed the
peak electricity demand in the EH case, leading to a reduction in hydrogen power
generation capacity by approximately 41.3% compared to the E case.

2. Improvement of system efficiency and cost reduction by avoiding hydrogen power
generation: The EH case demonstrates that prioritizing the direct utilization of hydro-
gen for specific final energy demands—such as industrial high-temperature boilers and
cooking—improves overall system efficiency. By supplying hydrogen directly to these
end-uses, the system avoids the substantial energy losses inherent in the reconversion
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process. Consequently, the EH case reduced the total amount of renewable energy
generation required to satisfy the same level of service demand by 7.6% compared to
the E case. This improvement in energy conversion efficiency across the energy chains
directly led to a 6.8% reduction in the total annual system cost, primarily through the
downsizing of renewable energy- and hydrogen-related facilities.

Consequently, in a 100% renewable energy standalone regional energy system, utiliz-
ing hydrogen as an energy carrier that flexibly connects the demand and supply sides—
rather than merely as a long-term electricity storage medium—is effective for achieving
both decarbonization and economic efficiency. These findings demonstrate that the diversi-
fied application of hydrogen contributes significantly to the optimization of regional energy
systems. Future research will evaluate system designs for regions with high energy density.

Finally, several limitations remain to be addressed to ensure the practical feasibility of
the system. First, since this study presents a snapshot analysis of the 2035 target, future
work must evaluate the transitional pathway from the current state and address structural
changes in service demand driven by the town’s reconstruction. Second, the current model
does not explicitly account for reserve margins. Therefore, to enhance system robustness, it is
crucial to incorporate detailed reliability analyses that account for equipment failures, forecast
uncertainties, and long-term meteorological variations beyond the single-year dataset.
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BESS Battery Energy Storage System
DR Demand Response

EV Electric Vehicle

FCV Fuel Cell Vehicle

HPWH  Heat Pump Water Heater

P2G Power-to-Gas

PCS Power Conversion System

PV Photovoltaics

SoC State of Charge

VRE Variable Renewable Energy
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