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Abstract

Towards achieving carbon neutrality, it is important to produce carbon-free hydrogen from
renewables at an acceptable cost. At the same time, power retailers that own renewables
must manage their imbalances between planned and actual generation. This paper pro-
poses an economically viable carbon-free hydrogen method for such retailers, utilizing
both positive imbalances of renewables and electricity from the market with non-fossil
certificates. The proposed method enables geographically flexible hydrogen production
through the power grid while utilizing renewable imbalances within actual power business
operations. This paper develops solutions to an optimization problem that minimizes the
hydrogen variable cost and offsets the imbalances using an electrolyzer and a battery while
accounting for imbalance uncertainty. The case study in Tokyo, Japan demonstrates that im-
balance compensation reduces the hydrogen variable cost by 30%. The minimum levelized
cost of hydrogen (LCOH) is approximately 60 JPY/Nm?> when the electrolyzer operates at
a 40% capacity factor. Furthermore, sensitivity analysis of market prices indicates that the
LCOH can decline to 50 JPY /Nm? under lower price conditions. The results suggest that
market-independent cost components, such as wheeling and renewable energy charges
and non-fossil certificates, remain major obstacles to further reducing hydrogen costs.

Keywords: battery; carbon-free hydrogen; imbalance compensation; electrolyzer; power
retailers

1. Introduction

In order to mitigate global warming, energy systems are transitioning toward car-
bon neutrality across all sectors. Renewables such as solar and wind generate electricity
without CO; emissions and are increasingly replacing conventional thermal power plants.
As of 2022, solar and wind accounted for 4.44% and 7.32% of global power generation,
respectively [1]. Solar capacity is also projected to reach 500 GW by 2030 under the stated
policies [1]. As renewables continue to expand, they will serve not only as power generation
sources but also as carbon-free energy sources for other sectors. However, electricity alone
cannot satisfy all forms of energy demand. Thus, converting electricity into other energy
carriers, known as Power-to-X, is the key to achieving carbon neutrality across the entire
energy system.
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Hydrogen has recently attracted attention as a promising energy carrier derived
from electricity. It can serve as a feedstock for fuels and chemicals such as methane and
ammonia, which meet heat and chemical demands. Hydrogen is also suitable for long-term
and seasonal energy storage owing to its low storage losses. There are various production
methods, including steam methane reforming, coal gasification, waste processing [2,3], and
water electrolysis. Among them, water electrolysis can produce carbon-free hydrogen when
powered by renewable electricity, making it a key technology for achieving system-wide
carbon neutrality.

A common approach to producing carbon-free hydrogen is to connect electrolyzers
directly to renewables and operate them using only renewable electricity. The off-grid
system achieves fully renewable electrolysis but requires electrolyzers to follow fluctuating
power generation [4,5]. In addition, electrolyzers operate at low capacity factors, increasing
hydrogen costs due to the high capital intensity of electrolyzers. Electrolyzers with solar
power plants operate at a 5% capacity factor [5], and the ones with wind power plants
operate at 30% [6] to 40% [7] capacity factors. When relying solely on excess renewable
electricity, they operate at lower capacity factors, such as 23% in Germany [8], 4% in
Jordan [9], 25% in the Kingdom of Saudi Arabia [10], and 30% in the UK [11]. Finally,
electrolyzers near renewables require transporting the produced hydrogen by trucks, ships,
or pipelines, which increases infrastructure investment.

The growing penetration of renewables significantly affects power system operations
and business structures. In Japan, more than 70 GW of solar power plants had been installed
by 2023 [12], leading to excess electricity during daytime hours. This surplus often results in
lower prices in the day-ahead electricity market. Some power retailers also own renewable
power plants. They must manage the uncertain generation of renewables to maintain power
system stability. Specifically, they are responsible for the discrepancy between the planned
and actual generation, known as the imbalance. Although transmission system operators
finally offset the imbalances using flexible resources, this incurs additional system costs.

This paper proposes a system to produce carbon-free hydrogen based on the power
business. In the proposed system, power retailers produce hydrogen using electricity
from the market and their own renewables. Electricity is supplied to electrolyzers through
the power grid, allowing electrolyzers to maintain stable operation by relying on market
electricity when renewable generation fluctuates [13,14]. Procuring electricity at low mar-
ket prices further contributes to reducing hydrogen costs. In addition, electrolyzers use
positive imbalances of renewables in the power business. This corresponds to electrolysis
using excess renewable generation as a zero-marginal-cost electricity source. It enables
power retailers to simultaneously mitigate their renewable imbalances and produce carbon-
free hydrogen. Reducing imbalances also helps maintain the stability of the power grid.
Furthermore, the installation sites of electrolyzers are not restricted by the locations of
renewable power plants because electricity is delivered through the grid. This geographical
flexibility is important because hydrogen transportation costs are not negligible when
renewable-rich sites are located far from hydrogen demand. For example, previous stud-
ies report compressed-hydrogen transportation costs of 0.75 USD/kg-H; for 50 km [15]
and more than 1 USD/kg-Hj; for more distant cases [16,17]. Therefore, although retailers
must pay wheeling charges, the grid-connected configuration can reduce the need for
long-distance hydrogen transportation by allowing electrolyzers to be installed closer to
hydrogen demand while placing renewables in locations with favorable weather conditions.

Reducing the cost of carbon-free hydrogen remains a critical requirement. Gov-
ernments have established cost targets, including 1 USD/kg-H; in the United States by
2031 [18] and 30 JPY/Nm? in Japan by 2030 [19]. Previous techno-economic analyses reveal
that the electricity costs dominate the cost structure of hydrogen production [20-22]. Several
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papers estimate the hydrogen cost in off-grid solar- or wind-based systems [4,5,23], showing
large variations due to differences in renewable resource abundance. Reported costs range
—3.1-56.27 USD/kg-H; when excess electricity is sold in Turkiye [4], 0.75-72.37 USD/ m3
in Iraq [5], and 4.99-12.38 EUR/kg-H; in Germany [23]. Hydrogen production with elec-
tricity from the market and solar power plants directly connected to electrolyzers can
achieve 5.16 USD/kg-H, [14]. Although previous research evaluates electrolysis powered
by renewables, few studies incorporate power-business factors, including the treatment of
imbalances, into hydrogen cost assessment.

Imbalances present a significant economic risk for power retailers. Prior studies propose
various approaches to mitigate imbalance risks, including the use of batteries and flexible
demand to absorb deviations [24,25], as well as strategic bidding in electricity markets [26,27].
Hydrogen systems comprising electrolyzers, hydrogen tanks, and fuel cells can also contribute
to imbalance reduction through flexible operation [28-30]. Thakur et al. [28] proposed an
operational strategy for electrolyzers and fuel cells in Norway to mitigate renewable energy
imbalances while maximizing electricity business profits. Pavi¢ et al. [29] developed an opti-
mization framework that simultaneously considers participation in electricity and gas markets
together with imbalance compensation of owned photovoltaics for profit maximization. Covi¢
et al. [30] proposed an optimal operation model that jointly considers gas balancing require-
ments and electricity imbalance management. However, previous research on imbalances has
paid limited attention to the hydrogen cost. In addition, previous research assumes that the
hydrogen production system is directly coupled with renewables.

This paper aims to enable power retailers in Japan to produce carbon-free hydrogen at
an economically viable cost as part of actual power business operations. The power retailers
use their positive imbalances of renewables and electricity from the market with carbon-
offset certificates. To this end, this paper develops a hydrogen production model that
reflects the operational and economic conditions of Japanese power retailers. The proposed
method enables cost-effective hydrogen production that uses renewable imbalances and
flexible procurement from the electricity market.

In the proposed model, electrolyzers can be located independently of renewable
sites because electricity is delivered through the grid. Retailers can flexibly procure low-
price electricity while compensating for renewable imbalances using electrolyzers and
batteries. Unlike previous studies mainly based on directly coupled renewable-electrolyzer
systems, the model considers hydrogen production within the electricity market and
imbalance-settlement framework of actual power retail operations, enabling geographically
flexible system configurations. The proposed method is evaluated through an annual
simulation with a 10 MW-scale electrolyzer and renewable generation data of an actual
retailer in Tokyo. The results demonstrate that the method can reduce hydrogen costs
while mitigating price volatility, highlighting its practical advantage over conventional
configurations. Furthermore, sensitivity analyses on electrolyzer capacity factors and
market prices reveal the practical cost range of hydrogen production for power retailers.

This paper is organized as follows. Section 1 states the background, purpose, and
novelty of this paper. Section 2 briefly overviews the Japanese balancing system and power
market. Section 3 provides the model of a power retailer and imbalances from renewables
and defines the optimization problem to minimize the hydrogen cost. Section 4 shows the
hydrogen cost and operations through a case study based on Japan’s actual market and
renewable power plant data. Section 5 concludes this paper and presents future research.
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2. Electricity Balancing and Market System in Japan

After the deregulation of the electricity business, numerous companies entered the
power generation and retail businesses in Japan. This change created competition in the
power business, which has contributed to lower electricity prices. In contrast, the transmis-
sion and distribution business is a monopoly because of its public nature. Japan consists
of ten transmission and distribution regions. Each region is managed by a transmission
system operator (TSO). The TSOs must maintain the balance between power supply and
demand using the resources of generators and retailers.

Generators and retailers must maintain the balance between supply and demand in a
30 min time slot. They form a balancing group to maintain a more precise balance. They
use their resources and electricity markets to achieve the balance. The day-ahead market
(DAM) is the primary market for generators and retailers. There are other markets, such as
real-time and forward markets. However, almost all power exchanges occur in the DAM,
so this paper focuses on the DAM. In the DAM, market participants submit bids to sell or
buy electricity. The DAM has 48 product slots, corresponding to 30 min slots in a day (e.g.,
18:00-18:30). Participants can submit different bids in different slots. Bid submission closes
at 10:00, and the market is cleared simultaneously in all slots. The clearing prices, called
area prices, can differ in each region.

After trading in the market, balancing groups should make the day-ahead supply
and demand plans for each 30 min slot. Figure 1 shows the interaction between balancing
groups and TSOs. These plans are shared with TSOs one day before the actual supply.
However, the actual generation and demand can differ from the plan because of forecast
errors in renewables’ generation and demand. The mismatch between the planned and
actual supply or demand values is called imbalance. Each balancing group therefore causes
imbalances in each 30 min slot after the actual supply. TSOs manage them by balancing
resources to maintain the balance between supply and demand.

Day-ahead After supply

TSO TSO TSO

Plans T l T Settlement
Settlement

BG BG BG

Supply Demand Supply Demand Supply Demand

N

Positive imbalance Negative imbalance

Figure 1. Interaction between power business companies before and after the actual supply. TSO
means a transmission system operator. BG means a balancing group.
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Balancing groups must settle imbalances after the real-time operation, as shown on
the right side of Figure 1. The imbalances are classified into two types: positive imbalances
(i.e., actual supply > planned supply or actual demand < planned demand) and negative
imbalances. The associated cash flows differ between them. When balancing groups cause
positive imbalances, TSOs pay them. When they cause negative imbalances, they pay
imbalance charges to TSOs. The settlement price is called the imbalance price. It equals the
marginal prices of balancing resources, so the positive and negative imbalance prices are
the same. The imbalance price is not necessarily punitive. For example, when the planned
supply is expected to be short, the imbalance price exceeds the clearing price of the DAM.
The balancing group with positive imbalances will receive higher returns in this situation.
However, balancing groups cannot know imbalance prices before the real-time operation.
Thus, imbalances fundamentally pose an economic risk to power business companies.

3. Hydrogen Production Method
3.1. Power Supply Scheme to Electrolyzer

This paper considers a power retailer (say just “retailer”) that has renewable power
plants and an electrolyzer. Figure 2 shows the model of the retailer’s power business. The
retailer must make day-ahead plans for its supply and demand. Supply plans include the
generation of their own power plants and procurement from the wholesale market. Demand
plans include electrolyzers, batteries, and other electricity consumers (e.g., households).
However, the retailer’s renewables cause imbalances in the real-time operation. The scope
is limited to the electrolyzer and battery input.

Figure 3 shows the more detailed electricity flow to the electrolyzer and the battery.
The electrolyzer and the battery use electricity from the market for their planned operation.
In the real-time operation, they also compensate for the positive imbalances of renewables.
Electricity from the market and renewables is transferred via power grids. Such a system
enables electrolyzers to be placed far from renewable sites. The battery discharges only
to supply electricity for electrolysis through lines behind the receiving point. The retailer
can sell or use the hydrogen produced in the company’s other business (e.g., methanation
for the gas business). This paper does not specify the end use of hydrogen to focus on its
production. In addition, this paper assumes that the sufficient water is available because
electrolyzers can be placed near the water supply.

This paper proposes a method for utilizing positive imbalances from renewables for
electrolysis. This paper uses the term “compensation”, which means intentionally causing
demand imbalances in the reverse direction against supply imbalances. For example, a
demand increase in the real-time operation, causing negative demand imbalances, com-
pensates for positive supply imbalances. It contributes to keeping a real-time supply and
demand balance. In practical operation, the compensation requires real-time metering,
communication, and automated control systems that coordinate renewable generation
deviations with the electrolyzer and battery input. Since the compensation targets energy
deviations over 30 min market and balancing time slots, it should be implemented as the
retailer’s energy management rather than as a substitute for the TSO’s short-term frequency
control. From the retailer’s view, compensation not only mitigates risks of imbalance
settlements but also enables electrolyzers to use excess generation of their renewables. In
addition, compensation does not impact the costs because positive and negative imbalances
are settled at the same price. Hence, electrolyzers can virtually use excess generation of
renewables at effectively zero cost when excluding prices for wheeling.
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Figure 2. The power retailer model accounting for renewable power plants. The blue arrows show
the energy flow in the scope of this paper.

2O Market procurement

@ A Divcharee
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Day-ahead plan

Market procurement &
' Positive imbalance
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Real-time operation

Figure 3. Electricity flow to the electrolyzer and the battery.

In addition to the renewable imbalances, consumer demand also causes imbalances
because of demand uncertainty. This paper assumes that the retailer has other controllable
resources to compensate for these imbalances.
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3.2. Renewable Imbalance Model

Renewables cause supply imbalances because their generation is difficult to forecast
accurately at the day-ahead plan. The amount and distribution of forecast errors are
important to model their imbalances. Previous research has reported Rayleigh [31], Laplace,
and hyperbolic [32,33] distributions for wind power forecasts. For solar power plants, the
day-ahead forecast errors by linear regression follow a Laplace distribution [34]. Figure 4
shows the forecast errors and fitting curves of a Laplace and Gaussian distribution.

This paper adopts a Laplace distribution to model the forecast errors of solar power
plants [35]. Its probability density function with the zero mean is shown in (1).

1 _ﬁ|dx|
Eexp = .

dx denotes the forecast error, and ¢ denotes the standard deviation. Positive values

fldx;o) = 1

mean the actual output exceeds the forecast. The standard deviation ¢ is assumed to equal
the root mean square error of area-wide forecasts (8.4% [36]). Temporal dependence is not
considered in this study. Forecast errors can have spatial and temporal variabilities, such as
smoothing effects [37] and positive auto-correlations [38,39]. However, regardless of the
forecast error model, the proposed hydrogen production method remains applicable.

100.000% I I ) . I
R2 =0.93 (Laplace Dist.)
= (0.31 (Normal Dist.)
10.000% K
=
;;‘ 1.000% 3
=
o ) R
A, 0.100% » A
K X X \X
XK X X
%K )Kx
Y
O‘OIO%m <t o &\ — o — o\ ™ <t 0
Sss33 722233

Forecast Error [p.u.]
x Average Error (16-39 h ahead) == Laplace Dist. = Normal Dist.

Figure 4. Area-wide forecast errors of solar power [34]. Each point shows the frequency of errors in
one year data.
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The forecast error distribution is discretized to integrate it into the optimization. The
distribution is split into six intervals [31], as shown in Table 1. Each interval represents an
imbalance scenario in the optimization. In each scenario, the forecast error is represented
by its representative value. The cumulative probabilities at the partitions equal those of a
Gaussian distribution at —20, —0, 0, +0, +20.

Table 1. Distribution discretization of forecast errors (dx). o denotes the standard deviation of
forecast errors.

Error Interval Probability Value

dx < 2190 2.28% —4.180
—2190 <dx < —0.81c 13.59% —2.190
—0.81c <dx <0 34.13% —0.81c
0 <dx <+081lc 34.13% +0.81c
+0.810 < dx < 42190 13.59% +2.19¢
+2.190 < dx 2.28% +4.18¢

The sign and amount of supply imbalances also depend on supply plans. This paper
proposes that the supply plan of renewables equals generation with the maximum negative
errors (i.e., —4.18c in Table 1). In this plan, their imbalances are almost certainly positive.
Thus, the electrolyzer has more opportunities to compensate for positive imbalances. It si-
multaneously helps produce carbon-free hydrogen using renewables and offset imbalances.
In addition, that supply plan describes reliably available renewable generation. Although
the conservative supply plan may reduce some market trading opportunities, it can also
increase the amount of renewable generation for stable retail supply contracts, which can
improve power business profitability.

3.3. Hydrogen Production Simulation

This paper develops an optimization problem to decide the electrolyzer and battery
operation considering imbalance uncertainty. The optimization aims to minimize the
hydrogen variable cost. In hydrogen production, compensation is prioritized because
the price of compensated positive imbalances is lower than that of the market. Thus, the
proposed model will simultaneously reduce costs and imbalances. Table 2 shows the
nomenclature of the index, variables, and constants in the optimization. All continuous
variables are not negative.

3.3.1. Hydrogen Variable Cost

The optimization problem minimizes the expected hydrogen variable costs, calculated
as (2).

Y+ (CmtEmyt + Cimb,tEier);\}}?,,t) )
Y+ (EgLp,s + EE{‘?mb,t) UgL

The numerator and denominator show the total variable costs and total hydrogen

minimize UCY?" =

amount, respectively. The optimization excludes the capital costs and other fixed costs,
such as a wheeling fixed charge. The efficiency of producing hydrogen Ugy is constant.
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The unit cost of electricity from the market Cy,; includes market prices, wheeling

charge, renewable energy charge, and non-fossil certificates. The wheeling charge is the cost

to use the grid. The renewable energy charge is a surcharge for all electricity consumers

in Japan. It is proportional to the electricity consumed. In addition, the retailer buys

non-fossil certificates to offset the emission of electricity from the market. They are charged

in proportion to the amount of market procurement. The unit cost of positive imbalances

Cimp includes only the wheeling charge and renewable energy charge. Thus, Cjy,, is not

zero but lower than Cp, s because of excluding the non-fossil certificates.

Table 2. Nomenclature of indeXx, variables, and constants in the proposed optimization problem.

Description Unit
Index
t Time slot index
s Imbalance scenario index
Variables
Emt Electricity from market [kWh]
Eimb, ¢ s Generated positive imbalances [kWh]
Ef;i, ; Positive imbalances expected amount [kWh]
EgLp,t Electrolyzer planned input [kWh]
Eglimbts  Electrolyzer compensation [kWh]
Egﬁ mb, Electrolyzer expected compensation [kWh]
EBTet Battery planned charge [kWh]
Egrq ¢ Battery planned discharge [kWh]
EpTimbts  Battery compensation [kWh]
E;’%’mb/ ; Battery expected compensation [kWh]
UBT4 ¢ Planned discharge state Binary
50C; Battery state-of-charge [-]
Constants
Ps Probability of scenario s [-]
Cm t Unit cost from market [JPY/kWh]
Cimb Unit cost from positive imbalances [JPY/kWh]
Gimb,t,s Supply positive imbalances [kWh]
Rimb ¢, Rest of positive imbalances [kWh]
Eg™ Electrolyzer maximum input [kWh]
Eg™ Electrolyzer minimum input [kWh]
Ugr Electrolyzer hydrogen output level [Nm?®/kWh]
CFgL Electrolyzer capacity factor [-]
Egf™ Maximum battery output [kWh]
CAPgt Capacity of battery [kWh]
sSOQCmax Maximum state-of-charge [-]
SOCmin Minimum state-of-charge [-]
BT Battery charge/discharge efficiency [-]
Hgum Target hydrogen amount [Nm?]
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3.3.2. Constraints

The constraints are set as follows.

Emt = Eprpt + Epret — ETd t- 3)

Gimb,t,s = Eimb,t,s + Rimb,t,s‘ (4)

Eimb,ts = EELimb,t,s + EBTimb,z,s- 5)

Eie;l‘:),t = ZpsEimb,t,s- (6)

S

Eimb,: = 2 PsErLimb,i.s- @)
S

Eleg)}}i)mb,t =Y psEpTimb,s- 8)
S

Egrp,t + EgLimbts < Egr - ©)

Egvp, + EgLimbts = EEL - (10)

Egtet + Eprd,t + EBTimbts < EBT - (11)

Epra,s < EBT UBTd,t- (12)

Eptet < Egt (1 — uprq,)- (13)

Eprer + Eg}lijmb ¢ 1 Egra,

_SOC,_| = ppp Xt T “BTimbt 1 ZBTdf 14
SOCt — SOCi_1 = 1Bt CAPar 7ot CAPar (14)
SOC; < SOCm™max, (15)
SOC; > SOC™in, (16)
SOCt + Egtimb,ts + EBTimb,t—1,s < SOC™®. (17)

Constraints (3)—(8) define the electricity flow to the electrolyzer and the battery. Elec-
tricity from the market equals their day-ahead plan, as shown in (3). They also compensate
for the positive imbalances, as shown in (4) and (5). The compensation differs in imbalance
scenarios, so the expected values are calculated by (6)—(8).

Constraints (9) and (10) limit the operation range of the electrolyzer. The constraints
do not include the electrolyzer’s ramp-up and ramp-down rate because one time slot
has 30 min. For simplicity, the electrolyzer continues working during the optimization
time range while start-up /shut-down operation and cold-start time are not dynamically
modeled. Although this paper assumes an alkaline electrolyzer in the case study, retailers
owning other types of electrolyzers can use the same constraints.

Constraints (11)—(17) regulate the battery operation. The charge and discharge output
has an upper limit, as shown in (11). The binary variable ugtq4; prevents simultaneous
charging and discharging. The state-of-charge (SoC) change is expressed in (14). Com-
pensation affects the SoC by its expected value. It increases the SoC because the battery
absorbs only positive imbalances. The SoC has an upper and lower limit, as shown in (15)
and (16). The constraint (17) requires sufficient headroom over two consecutive intervals to
compensate for positive imbalances.

The optimization problem defined by (2)—(17) is classified as mixed integer non-linear
programming (MINLP). The MINLP problems are difficult to solve to optimality because
of binaries and non-linearity [25,40,41]. An additional constraint is introduced to avoid the
non-linearity. Non-linearity arises from the denominator of the objective function (2). Thus,
the total hydrogen amount is fixed, as shown in (18).

Z(EELp,t + E]g)gi)mb,t)uEL = Hsum. (18)
t
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The target amount Hsum is constant. Thus, replacing the denominator with Hsym can
linearize the objective function.

3.3.3. Problem Definition

Opverall, the optimization problem for determining annual operation is defined as follows:

minimize (2)

subject to (3)—(18).

It is classified as mixed integer linear programming (MILP) and has binary variables
to describe battery charge and discharge states. Its time resolution is 30 min based on the
market time slots.

The electrolyzer capacity factor CFgy, is defined as (19) using Hsum-

(19)

T denotes the number of time slots in the optimization. The denominator of CFgp
shows the maximum possible amount of hydrogen produced. The maximum of CFgy is 1
when the electrolyzer always works at its maximum input. The minimum hydrogen cost
can be identified by sweeping Hsum or the capacity factor of the electrolyzer.

3.4. Hydrogen Cost Evaluation

The hydrogen production is evaluated by the levelized cost of hydrogen (LCOH),
defined as (20). It includes the capital expenditure (CAPEX) and operating expenses (OPEX)
as present values, divided by the total hydrogen amount. r denotes the annual discount
rate, and K denotes the project year. The subscript k denotes the value in the k-th year.
OPEX can be decomposed into the fixed part and variable part, as shown in (21).

CAPEX + YK | (CAPEX; + OPEX;) x (14r)~*
25:1 Hsum,k X (1 + 7’) -k '
OPEX; = OPEX!*ed 1 OPEX}". (21)

LCOH = (20)

In this paper, CAPEX means capital and replacement costs of the electrolyzer and
the battery. The fixed OPEX includes operation and management (O&M) costs of the
electrolyzer and the battery (CP™) and wheeling fixed charge (C]‘é"h), as shown in (22). The
variable OPEX is the electricity costs to produce hydrogen, that is, the hydrogen variable
costs. They include market procurement costs, wheeling variable charges, renewable energy
charges, and non-fossil certificate costs. They are decided by the optimized operation, as
shown in (23).

OPEX[ed = Cp™ + Cp™. (22)
OPEX}™ = Y (CmEs + CimbE ") (23)

t

In (23), Ej, ; and E*i’;% ; are the optimized market procurement and expected imbalance
compensation in the retailer’s balancing group at slot t. Cp¢ is the unit cost of market
electricity, including the day-ahead market price, wheeling variable charge, renewable
energy charge, and non-fossil certificate price. Ci;yp, is the unit cost applied to compensated
positive imbalances, including the wheeling variable charge and renewable energy charge.

The retailer pays wheeling fixed charges every month, as shown in (24). They are

proportional to the sum of rated outputs [kW] of the electrolyzer (Pgr) and the battery
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(Pgt). C*! denotes the monthly wheeling fixed price [JPY/kW]. The time resolution of the
optimization problem is 30 min, so the equations Pg;, = 2 x Ef;** and Pgr = 2 x Egf™ hold.
In this paper, all elements of OPEX are assumed to be constant in project years.

Pt =12 x C"1 x (Pg + Par)- (24)

4. Result
4.1. Case Study Setting

This paper simulates the electrolyzer and battery operation to produce carbon-free
hydrogen at an acceptable cost. In the case study, the retailer has solar power plants, an
electrolyzer, and a battery in the Tokyo region, Japan. The electrolyzer and battery receive
electricity at an extra-high voltage. The solar generation profile is based on the actual data
from Gunma Prefecture, Japan from 1 October 2022 to 30 September 2023. Its nominal
capacity is 63.21 MW on the DC side and 42.82 MW on the AC side. Its capacity factor
is 14.83% based on the nominal capacity on the DC side. This paper uses the day-ahead
market prices in the Tokyo region from 1 October 2022 to 30 September 2023. Figure 5
shows the market prices in the case study [42]. They rise in the winter and sometimes reach
the bottom (0.01 JPY/kWh) in the spring.

E6O

= 50 *
=4 40 1
el | |
=30 ML | |
.qé fg ‘ HH H‘ TN f WH o W) M HW d
£10 N

10/01 12/01 02/01 04/01 06/01 08/01 10/01
Date

Figure 5. Day-ahead electricity market prices in the Tokyo region from October 2022 to September 2023.

Water electrolysis technologies include alkaline, polymer electrolyte membrane (PEM),
solid oxide, and anion exchange membrane (AEM) electrolysis [43]. Alkaline electrolysis
is the most mature technology and offers lower capital costs, longer lifetimes, and larger
plants. PEM electrolysis has a wide operational range and a rapid response [41]. Solid
oxide electrolysis operates at high temperatures and has high efficiency. AEM electrolysis
has a simple structure without precious materials [43]. However, solid oxide and AEM
electrolysis have challenges with capital costs, lifetimes, and maturity [21,43,44]. Imbalance
compensation does not require a fast response because imbalances are calculated in 30 min
intervals. Thus, this paper chooses alkaline electrolysis because of lower capital costs and
large-scale applications.

Table 3 shows the time-invariant parameters. The electrolyzer unit cost is based on the
2030 target [18,45]. The efficiency is the hydrogen produced per electricity input, including
compression. This paper assumes a 73.3% efficiency based on the higher heating value
of hydrogen. This value is higher than the actual system [44]. The electrolyzer minimum
input is 15% of its rated input [46,47]. The battery capital cost is based on the 2030 target,
less than one-third of the current cost (186,000 JPY/kWh) [48]. A preliminary analysis was
conducted to determine the battery size that minimizes the LCOH. The equipment lifespan
is assumed based on [49]. Hence, the electrolyzer and battery are replaced in the tenth year.
Their replacement costs are the same as their capital costs. The wheeling charges are based
on actual values of extra-high-voltage service in the Tokyo region from April 2023 to March
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2024. The renewable energy charge is based on actual values from May 2023 to April 2024.
The price of non-fossil certificates is based on trading data from 2023 [50].

The optimization problem is solved by the “intlinprog” function with the “legacy”
algorithm in the Optimization Toolbox of MATLAB R2024b [51]. The program was executed
on a laptop PC with AMD Ryzen 7 8840U @ 3.30 GHz, 16.0 GB RAM @ 6400 MT/s. It took
20 min to solve one problem on a battery-powered laptop PC.

Table 3. Values of parameters in the optimization.

Name Value Unit
Electrolyzer maximum 10,000 [KW]
input
Electrolyzer minimum 1500 [KW]
input
Electrolyzer efficiency 0.208 (73.3%) [Nm?/kWh]
Electrolyzer unit cost 52,000 [JPY/kW]
Electrolyzer lifespan 10 [year]
Battery maximum output 1500 [kW]
Battery capacity 3000 [kWh]
Battery maximum 0.9 []
state-of-charge ’
Battery minimum 01 L]
state-of-charge '
Battery charge/discharge 0.9

" : [-]
efficiency
Battery unit cost (inverter) 25,000 JPY/kW]
Battery unit cost (body) 50,000 [JPY/kWh]
Battery lifespan 10 [year]
Wheeling fixed charge 327.17 [JPY/kW /month]
Wheeling variable charge 1.21 [JPY/kWh]
Renewable energy charge  1.40 JPY/kWh]
Non-fossil certificate price ~ 0.50 [JPY/kWh]

4.2. Variable Cost Comparison

First, hydrogen variable costs are compared between cases with and without positive
imbalance compensation. The case with compensation is referred to as the market and
compensation case, whereas the case without compensation is referred to as the market-
only case. The capacity factor of the electrolyzer is 50%. Figure 6 shows the annual energy
flows, and Table 4 shows the hydrogen costs in both cases. In the market and compensation
case, the LCOH is 60.95 JPY/Nm?, and its variable part accounts for 73%. Compared to the
market-only case, the LCOH decreases by 30%. The electrolyzer and battery can compensate
for around 75% of the positive imbalances at the expected value. As a result, half of the
electricity comes from imbalance compensation. However, the market procurement costs
are six times higher than those of imbalance compensation. In conclusion, compensation
for positive imbalances decreases hydrogen costs.

Figure 7 shows the hydrogen variable costs and the hydrogen amounts each week
in both cases. Each bar shows the hydrogen variable costs in a week. The hydrogen
amounts differ weekly because the electrolyzer uses more electricity at lower market prices.
Thus, fluctuation of the amount follows the market prices in Figure 5 in reverse. The
weekly cost distribution is narrower (20-60 JPY/ Nm?) in the market and compensation
case than the market-only case (40-160 JPY/ Nm?) because compensation reduces the
market dependence. In other words, imbalance compensation gives an option to avoid
procuring expensive electricity from the market.
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From Market From Market
22.25 GWh 44.04 GWh
Electrolyzer Hydrogen Electrolyzer Hydrogen
21.84 GWh 43.80 GWh 32.27 GWh 42.79 GWh 43.80 GWh 32.27 GWh
(9,110,400 Nm?®) (9,110,400 Nm?®)
Ll Ll
19.71 GWh
Conversion Loss Conversion Loss
11.53 GWh 11.53 GWh
2.24 GWh LSoWa] 1.01 GWh
From Imbalances Battery Battery Loss Battery Battery Loss
22.07 GWh 0.53 GWh From Imbalances 0.24 GWh
(78.6% of All Imbalances) 0 GWh

Figure 6. Annual energy flows with a 50% capacity factor of the electrolyzer. (Left): Market &
compensation; (Right): Market-only.

Table 4. Hydrogen costs with a 50% capacity factor of the electrolyzer. LCOH means the levelized
cost of hydrogen.

Name Market & Compensation Market-Only
Ells\c{t]rlaty cost from market 346 x 108 6.39 x 108
Electricity cost from 7
imbalances [JPY] 576 %10 0
Elg;i;ﬁzg ]Varlable cost 44.05 70.13
LCOH [JPY/Nm?] 60.95 86.82
200 - w w w w w 500 __
180 [ Market Cost = =Average Cost|{ 450
m'g 160 | [EImbalance Cost ¢ H,Amount |1450 =
Z 1401 1350 ‘&
E 120 1 300 ';
=, 100 1250 —=
‘g 80 200 g
O 607 150 g
= 40 100 <
28 ‘ 50 -~
10/01  12/03  02/04 04/08 06/10  08/12

Week
200 - w w w w w 500
180t [ Market Cost = =Average Cost|{ 450
"E‘ 160 - [EImbalance Cost ¢ H,Amount |1450 =
Z 140| 1350
E 120 1300 ;
=, 100, 1250 —
% 80 1200 5
o)
O 60 | 150 g
28 | | 50 IN
10/01  12/03  02/04 04/08 06/10 08/1

2

Week

Figure 7. Variable costs and amounts of hydrogen each week, with a 50% capacity factor of the
electrolyzer. (Upper): Market & compensation; (Lower): Market-only.

4.3. Electrolyzer and Battery Operation

Next, this paper investigates the operation of the electrolyzer and battery using a
summer day as an example. The capacity factor of the electrolyzer is 50%. Figures 8 and 9
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show the day-ahead planned operation and the real-time compensation as the expected
value, respectively. The planned electricity is procured from the market. The compensated
electricity originates from positive imbalances. Figure 10 shows the market prices on that
day. The electrolyzer uses electricity from the market actively in the morning because
of the lower prices. In contrast, it mainly compensates for the positive imbalances in
the daytime. At the same time, the electricity from the market meets the lower limit of
the electrolyzer input. The battery mainly compensates for the positive imbalances. It
discharges intermittently so that its state-of-charge does not reach the upper limit. This
discharge also contributes to reducing market procurement, especially in the evening, when
the market prices rise.

— 7 ‘
é EEL Plan [ IBT Discharge
% 67 [_IBT Charge =——Market Procure | |
=5

=

E 4

2 3

—

[_% 2

o 1

5

o 0

2

M|

07/04 00:00 06:00 12:00 18:00 00:00
Time
Figure 8. Daily planned operation, with a 50% capacity factor of the electrolyzer. Negative values
show discharge from the battery to the electrolyzer.
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[\)
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Figure 9. Daily real-time compensation for imbalances, with a 50% capacity factor of the electrolyzer.
The area shows the expected value across imbalance scenarios.
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Figure 10. Day-ahead electricity market prices of the Tokyo region in a summer day.

The electrolyzer uses not only the positive imbalances but also electricity procured
from the market because the positive imbalance amount is uncertain. Figure 11 shows the
daily real-time compensation in each scenario. Regardless of the scenario, the electrolyzer
compensates with less than its maximum input (5 MWh/30 min). This is because the market
procurement meets its minimum input (0.75 MWh/30 min) to prepare for sunless situations.
As a result, the electrolyzer cannot use their full capacity for imbalance compensation.
In the scenario when the forecast error equals —2.19¢ in Table 1, the electrolyzer and
battery compensate for all the positive imbalances. As the positive imbalances increase,
compensation for all imbalances is no longer possible. When the forecast errors are between
+4.18¢ and —0.81c, some imbalances remain. This demonstrates that the electrolyzer and
battery compensate using its full capacity with a probability of 50% or more.

[EEL Compensate [JBT Compensate [llImbalance Rest

?16
R= +4.180 +2.19¢0 +0.810
g 12
S
< 8
=
= 4
=
2516
) -0.81¢0 -2.190 -4.180
=12
8|
L 8
S
Y Gl -
M0
Oh 12h 24h Oh 12h 24h Oh 12h 24h

Time
Figure 11. Daily real-time scenario-wise compensation for imbalances, with a 50% capacity factor of
the electrolyzer. The text in the upper left of each figure denotes a forecast error in the scenario.

Figure 12 shows the annual compensation amount and the remaining imbalances. The
electrolyzer and battery compensate for all of the positive imbalances in the scenario where
forecast errors are —2.19¢. In the scenarios where the forecast errors are equal to or greater
than —0.81c, compensation ranges from 20 GWh to 30 GWh. However, compensation
amounts are saturated under the large imbalances because of the equipment size, as shown
in Figure 11.
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Figure 12. Annual compensation amount and remaining imbalances in each scenario.

4.4. Sensitivity Analysis
4.4.1. Hydrogen Production Amount

The annual amount of hydrogen affects the operation and LCOH. This paper investi-
gates the optimal amount of hydrogen through sensitivity analysis. Figure 13 shows the
parts of LCOH when changing the capacity factor of the electrolyzer. The CAPEX part
and fixed OPEX part decrease as the capacity factor increases because more hydrogen
is produced. In contrast, the variable OPEX part reaches a minimum at a 40% capacity
factor. The minimum LCOH is around 60 JPY/Nm? at a 40% capacity factor. LCOH slightly
increases from 40% to 80% capacity factors but remains below 70 JPY/Nm? over this range.

T

160 -+
140 - I CAPEX
—_ [ IFixed OPEX

[ Variable OPEX | |

10 20 30 40 50 60 70 80 90 100
Electrolyzer Capacity Factor [%]

Figure 13. Parts of levelized costs of hydrogen (LCOH) when changing the capacity factor of the
electrolyzer.

The variable OPEX has the minimum value because of the balance between imbalance
compensation and market procurement. Figure 14 shows the amount of electricity from
the market and compensation when changing the capacity factor of the electrolyzer. Com-
pensation increases from 15-40% capacity factors and peaks (22.09 GWh) at 40%. Between
40-90%, the compensation amount is saturated with around 20 GWh. In this range, market
procurement increases monotonically as a capacity factor rises.
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Figure 14. Electricity amounts when changing the capacity factor of the electrolyzer. The positive
imbalances are expressed as expected values across imbalance scenarios.

The relation between LCOH and capacity factors forms a concave curve. One reason is
that higher capacity factors reduce the CAPEX and fixed OPEX effects. The other reason is
that expensive electricity highly affects LCOH around the minimum and maximum capacity
factors. Although lower capacity factors result in lower electricity costs, the electrolyzer
must keep its minimum input by procuring electricity regardless of its price. With the small
amount of hydrogen, the impact of expensive electricity becomes significant. In contrast,
with the larger capacity factor, the retailer must procure more electricity because of the
saturated compensation. Thus, the electrolyzer inevitably uses expensive electricity more.
In addition, the electrolyzer hardly compensates around the minimum and maximum
capacity factors. Hence, LCOH rises at both low and high capacity factors.

In contrast, LCOH rises within 10% between 40-70% capacity factors. For example, a
60% capacity factor results in around 5% higher LCOH than that of 40% but produces 50%
more hydrogen. Thus, the LCOH demonstrates a relatively low sensitivity to the hydrogen
amount at the middle range of capacity factors.

To validate the results, this study compares the obtained LCOH with previous studies
focusing on hydrogen production in Japan. Zhang et al. [52] reported hydrogen costs
ranging from 23.7 JPY/Nm? to 43.7 JPY /Nm? using an off-grid system with optimally sized
renewable generation, battery, and electrolyzer. Zhu et al. [53] reported a hydrogen cost
of 42.9 JPY/Nm? in Kyushu using a combination of renewable energy and grid electricity.
Compared to these studies, the LCOH obtained in this study is higher (around 60 JPY/Nm?).
This difference mainly arises from the system assumptions. While previous studies consider
systems directly coupled with renewable energy sources, this study incorporates market
procurement, imbalance compensation, and grid-related charges. In addition, the lower
LCOH values in previous studies [52,53] are partly attributable to differences in system-
boundary assumptions, including low costs of private transmission-lines and renewable
generation assets. Therefore, the results of this study provide a more practical estimation of
hydrogen production costs under real power business conditions.

4.42. Electrolyzer Size

The electrolyzer capacity affects both the hydrogen production costs and the imbalance
compensation. To discuss the influence of system sizing, this paper compares the LCOH
under different electrolyzer capacities. The annual hydrogen production amount is fixed
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t0 9.11 x 10° Nm?>. The other settings are the same as in the base case. The electrolyzer
capacity is varied from 6 MW to 12 MW.

Figure 15 shows the LCOH under different electrolyzer capacities. The variable
costs decrease as the electrolyzer capacity increases because the larger electrolyzer can
compensate for more imbalances. In contrast, the fixed costs increase because of the
higher capital and fixed operational costs of the electrolyzer. Thus, the total LCOH reaches
a minimum around 8-10 MW. Although this paper does not optimize the equipment
size itself, the sensitivity analysis demonstrates that the proposed method maintains its
economic advantage within a practical range of electrolyzer capacities.

80

| [ Fixed [ Variables

[*N
(e

[}
e}

LCOH [JPY/Nm’]
N
()

é 7 8 9 IIO lll 1I2
Electrolyzer Capacity [MW]

Figure 15. Comparison of LCOH under different electrolyzer capacities with the same production
amount of hydrogen (9.11 x 10° Nm?).

4.4.3. Market Prices

The hydrogen variable costs and the electrolyzer operation strongly depend on electric-
ity prices. Electricity prices consist of time-variant terms (market prices) and time-invariant
terms (wheeling variable charge, renewable energy charge, and non-fossil certificates). This
paper analyzes the sensitivity of hydrogen variable costs to market prices. In all cases
below, the capacity factor of the electrolyzer is fixed to 50%.

Five cases are set using different annual market prices. Table 5 shows the price settings
in each case. The other parameters are the same as in the case study.

Table 5. Market price settings in each sensitivity analysis case.

Market Price Period Average Price [JPY/kWh]
01-10-2023-30-09-2024 12.93
01-10-2022-30-09-2023 16.37
01-10-2021-30-09-2022 23.55
01-10-2020-30-09-2021 12.78
01-10-2019-30-09-2020 7.27
01-10-2018-30-09-2019 10.21

Hydrogen variable costs are highly related to market prices because the electrolyzer
must use electricity from the market. Figure 16 shows the relation between the market
annual average prices and the hydrogen variable costs. A black line describes a linear
approximation whose coefficient of determination is 0.95. Thus, hydrogen variable costs
are related strongly and positively to the market annual average prices. The slope of the
line indicates the sensitivity of hydrogen costs to the average prices. It is less than half the
electrolyzer efficiency (4.81 kWh/Nm?). One reason is that the electrolyzer uses positive
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imbalances in around half of its annual input. Thus, imbalance compensation alleviates
an increase in the market average price. The other reason is that the electrolyzer uses
electricity from the market mainly at lower prices. As a result, the market average prices
have less effects on hydrogen variable costs than expected from the electrolyzer efficiency.
The intercept of the line is around 16.2 JPY /Nm?3. It describes the prices independent of
the market price, such as the wheeling variable charge, renewable energy charge, and
non-fossil certificates. Thus, hydrogen variable costs would be around 15]PY/Nm? even if
the market price were zero.

The sensitivity analysis provides a realistic range of hydrogen costs produced by
retailers. The hydrogen variable cost is around 35 JPY /Nm? when the market average price
is 10 JPY/kWh, and the CAPEX and fixed OPEX parts are around 17 JPY/ Nm?3. Thus, the
LCOH can achieve 50 JPY/Nm? when the market prices go down because of increased
renewables. The governmental target of Japan is 30 JPY/ Nm? in 2030 [19]. However, even
if the market average price was near zero, the hydrogen variable cost might still exceed
15 JPY/Nm?. Thus, achieving the governmental target is challenging when considering
the fixed costs. One of the main obstacles is prices independent of the market price.
Figure 17 shows the cost structure of hydrogen with market prices from 1 October 2022
to 30 September 2023. Although the market prices have the largest impact, the wheeling
variable charge, renewable energy charge, and non-fossil certificates account for around
14 JPY/Nm?. These institutional cost components, rather than market prices alone, are
major barriers to achieving the governmental target. Hence, policy measures such as partial
exemptions or reductions of grid-related charges and certificate-related costs for green or
low-carbon domestic hydrogen production will be important for improving the economic
viability of grid-connected electrolysis.

Although the numerical values in this analysis are based on the Japanese market, the
formulation can be adapted to other regions by replacing the market price, certificate or
carbon-related cost, and grid-use charge terms with the corresponding local parameters.
Similar imbalance settlement concepts exist in several European markets [54-56]. On the
other hand, markets with different settlement designs, such as two-settlement markets [57],
would require replacing the imbalance-price term with the relevant real-time prices.

o)
(e
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60 |
50F
40

y=1.612+16.18

H2 Variable Cost [JPY/Nm3]

30 1
20 1
106 X Annual Result| |
— Approx. Line
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Market Average Price [JPY/kWh]

Figure 16. Relation between annual average market prices and hydrogen variable costs.
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Figure 17. Decomposition of LCOH with a 50% capacity factor of the electrolyzer and market
prices from 1 October 2022 to 30 September 2023. “Electrolyzer” and “Battery” include its capital,
replacement, and O&M costs.

4.4.4. Porecast Error Representation

To evaluate the influence of the simplified forecast-error representation, two additional
sensitivity analyses are conducted. First, the number of forecast-error scenarios is increased
from 6 to 12 and 24. The LCOH is 60.95, 60.25, and 60.01 JPY/Nm? for the 6-, 12-, and
24-scenario cases, respectively. Thus, reducing the quantization error of the forecast-error
distribution does not significantly change the evaluation.

Second, the standard deviation of forecast errors is multiplied by 1.5 and 2.0 to repre-
sent cases where spatial smoothing effects are weaker. The LCOH is 56.43 JPY/Nm? and
53.89 JPY/Nm? for the errors multiplied by 1.5 and 2.0, respectively. Larger forecast errors
increase the amount of positive imbalances available for compensation, thereby reducing
market procurement and lowering the LCOH. Even when the forecast errors are doubled,
the electrolyzer and battery compensate for 52% of all imbalances (55.15 GWh). Thus, the
system can contribute to the supply and demand balance.

4.4.5. Area Difference

To discuss the applicability of the proposed method to other renewable resources and
market conditions, an additional case study is conducted using wind power imbalance
data in the Kyushu region of Japan. The original dataset is obtained from an actual 1 MW
wind power plant. To enable comparison with the Tokyo region, the generation profile is
scaled to 40 MW by multiplying the profile by 40. The renewable forecast uncertainty is
modeled using a Laplace distribution in the same manner as the base case. The standard
deviation of the forecast error is set to 8.6% based on the RMSE estimated from area-wide
wind power forecast errors in the Kyushu region in 2022. Figure 18 shows the day-ahead
electricity market prices in the Kyushu region. Overall, the prices are lower than that of the
Tokyo region (Figure 5). In addition, the wheeling charge differs from the Tokyo region.
The wheeling fixed charge is 395 JPY/kW, and the variable charge is 1.35 JPY/kWh. The
other settings are the same as the Tokyo region (Table 3).

This paper defines four cases to compare LCOH across areas and imbalance-
compensation settings, as shown in Table 6. Cases 1-1 and 1-2 represent the Tokyo region,
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while cases 2-1 and 2-2 represent the Kyushu region. The formulation of the optimization
problem is the same in all cases.

This paper compares the LCOH in each case with a 50% capacity factor of the elec-
trolyzer. Figure 19 shows the LCOH comparisons. The LCOH values in Kyushu are lower
than those in Tokyo. This is mainly because the market prices in Kyushu are lower than
those in Tokyo. In both regions, imbalance compensation reduces the LCOH by 20% or
more. Thus, the proposed method is applicable not only to solar power plants in the Tokyo
region but also to other renewable resources and market environments.
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Figure 18. Day-ahead electricity market prices in the Kyushu region from October 2022 to September 2023.

Table 6. Case settings to compare the area differences.

Case Number Description
1-1 Tokyo, market-only
1-2 Tokyo, market and solar imbalances
2-1 Kyushu, market-only
2-2 Kyushu, market and wind imbalances
100 w
[ JFixed
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Figure 19. Comparison of LCOH between the Tokyo and Kyushu regions. The electrolyzer capacity
factor is 50% in both cases.
4.4.6. Equipment Capital Cost

The electrolyzer capital costs also affect the LCOH. Therefore, an additional sensitivity
analysis is conducted by varying the electrolyzer capital costs around the base value
(52,000 JPY/kW). As a result, the LCOH deviates by £1.5 JPY/ Nm? (£2.4%) when the
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electrolyzer capital costs deviate by £20%. Although the main components of hydrogen
costs are electricity costs, the capital costs have a moderate impact on the LCOH.

The battery lifespan depends on charge and discharge cycles and affects its capital
costs. Considering the optimized battery operation, the annual equivalent full cycles
exceeds 830 cycles/year. The operation is more aggressive than 1 cycle/day operation and
can accelerate the capacity fade. Therefore, an additional sensitivity case is conducted by
assuming battery replacement every five years. This degradation treatment increases the
CAPEX of batteries by around 75%. As a result, the LCOH increases by 2.09 JPY/ Nm?. It
demonstrates that the battery lifespan also impacts the LCOH due to an increase in CAPEX.

4.5. Limitation

Degradation of electrolyzer performance affects the energy consumption per unit of
hydrogen amount and operational constraints. A simulation study [58] on wind-powered
alkaline electrolyzers reports that degradation can reduce hydrogen production by approx-
imately 30% over the system lifetime. Assuming a 10% increase in electricity consumption,
the variable costs of hydrogen production will increase proportionally. Given that the
variable costs account for approximately 70% of the LCOH in this study, the overall LCOH
increase is estimated to be on the order of 5-10%. Therefore, the results can be interpreted
as a lower-bound estimation, and degradation effects would significantly increase the cost.
The study [58] also reports that degradation can increase the minimum load required for
safe operation avoiding gas-crossover. Therefore, the reported LCOH values in this study
should be interpreted as optimistic with respect to the long-term operational flexibility and
degradation behavior of alkaline electrolyzers under dynamic operation, because the model
assumes constant efficiency and a relatively low minimum-input level. An optimization
problem explicitly considering the degrading efficiency and minimum-load constraints
enables the precise evaluation.

The optimization problem simplifies the start-up and shutdown operation and the
part-load efficiency changes. In the constraints, the alkaline electrolyzer works all the
time keeping its minimum input. Allowing start-up and shutdown operation will enable
more flexible electrolyzer operation, which decreases hydrogen variable costs. However,
alkaline electrolyzers are not well suited to frequent on-off operation. In addition, the
efficiency in part-load operation is higher than the one in full-load operation [14]. Although
optimization including these constraints will provide the more realistic cost evaluation, it
requires the detailed data on actual electrolyzer stacks and plants.

The proposed system also includes a battery that is operated aggressively to absorb
positive imbalances. Such intensive cycling can shorten the battery lifetime and increase
replacement costs; however, battery capacity fade is not dynamically integrated into the
optimization constraints in this study and is evaluated only through a post-processing
sensitivity analysis. Operational optimization that accounts for non-linear capacity fade
depending on the depth of discharge [59] and cycle history may improve the overall
economic performance of the system and should be investigated in future work.

Hydrogen production fluctuates depending on renewable imbalances and market
conditions. Under the assumption of constant hydrogen demand, the proposed operation
may require large-scale hydrogen storage. However, because the electrolyzer can be
installed close to hydrogen demand through grid-connected electricity supply, flexible
downstream hydrogen utilization processes may reduce the required storage capacity.
Detailed optimization of hydrogen storage and downstream utilization systems, such as
methanation, should be investigated in future work.

From the perspective of the forecast error model, the proposed method is not highly
sensitive to the discretization of forecast-error scenarios, while the error amplitude has
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a significant impact on hydrogen production costs. However, temporal correlations of
forecast errors are not explicitly modeled in this study. Because this study evaluates the
annual LCOH, the impact of short-term temporal correlations of forecast errors on the cost
estimate is expected to be partly averaged over the annual horizon. Although the battery
headroom constraint (17) partially accounts for consecutive compensation requirements,
such correlations are important for real-time control feasibility and should be handled
using a stochastic model predictive control framework or scenario-tree-based stochastic
optimization in future work.

The proposed method takes into account social implementation, considering the power
business model. However, it still faces several challenges for large-scale deployment. First,
the number of large renewable power plants that have completed the FIT period remains
limited in Japan. Public statistics from the portal [60] and grid-connection data [61] show
that solar capacity in Japan has reached approximately 80 GW. Nevertheless, post-FIT
large-scale solar capacity remains limited as of 2025, because the FIT purchase period for
large-scale solar power plants is generally 20 years and most installations expanded after
the introduction of the FIT scheme in 2012. Second, only a limited number of compa-
nies simultaneously operate power retail businesses and hydrogen production facilities.
However, the amount of post-FIT renewables is expected to increase in coming years. In
addition, some companies are expected to pursue integrated hydrogen production and
power business, indicating the practical importance of the proposed hydrogen production
framework. Although the system boundary of this paper is hydrogen production, the im-
pact of the conservative supply plan and imbalance settlement on power business should
be evaluated to implement the proposed method. In addition, this paper does not evaluate
broader system-level impacts, such as transmission congestion, balancing-market stability,
and the effects of large-scale electrolyzer deployment. These interactions in actual power
systems also impact the power retail business but remain topics for future work.

5. Conclusions

This paper aims to enable power retailers in Japan to produce carbon-free hydrogen
at competitive costs by using both electricity procured from the market with non-fossil
certificates and positive renewable imbalances. An optimization model is developed to
determine the cost-minimizing operation of electrolyzers and batteries under multiple
imbalance scenarios. The proposed approach is evaluated through an annual simulation
using actual solar generation and market data from the Tokyo region in Japan.

The results show that, at a 50% electrolyzer capacity factor, compensation for positive
imbalances reduces the LCOH by 30%. Sensitivity analysis of the electrolyzer capacity factor
indicates that the minimum LCOH is around 60 JPY/Nm? at a 40% capacity factor. It also
indicates that LCOH remains within 10% of this minimum for capacity factors between
40-70%. Sensitivity analysis of market prices demonstrates a strong relationship between
the average market prices and hydrogen variable costs. When the average market price
falls below 10 JPY/kWh, the LCOH can decrease to below 50 JPY/Nm?3. Hence, within the
power business framework, the proposed approach enables geographically flexible hydrogen
production at low cost even when renewable generation sites and hydrogen demand locations
are separated. Although the case study focuses on Japan, the proposed framework can be
adapted to other markets by replacing the market prices, imbalance pricing, certificate cost,
and grid-use charges with the corresponding regional values. For example, in European
markets, electricity procurement costs can be represented by day-ahead market prices, grid-
use charges, and Guarantees of Origin costs, while imbalance-related costs can be adjusted
according to the corresponding imbalance settlement rules [54-56].
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However, cost components independent of market prices, such as wheeling charges,
renewable energy charges, and non-fossil certificates, remain major barriers to further cost
reduction. Achieving the governmental cost target will require reducing such market-
independent charges or deploying systems in which electrolyzers are directly connected
to renewables.

Although this case study focuses on solar power, incorporating wind power could
increase positive imbalances due to wind generation occurring throughout the day, thereby
providing additional compensation opportunities. Regional differences in day-ahead
market prices also play a role; for example, areas such as Kyushu and Tohoku exhibit
lower clearing prices due to high renewable penetration. These regional characteristics
suggest that hydrogen could be produced at even lower costs in those regions. Ongoing
research includes analyses incorporating integrated solar and wind imbalances and lower
market-price scenarios to explore further cost-reduction potential.
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