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Abstract— Grid-scale battery energy storage systems (BESS) are
increasingly expected to deliver both energy arbitrage and fre-
quency containment reserve (FCR) services. Accordingly, this pa-
per presents a market-compliant optimization framework to as-
sess large-scale BESS operation in Japan. Explicitly, the model
enforces FCR Assessment-I while accounting for thermal behav-
ior and degradation. Using real market, load, and environmental
data over a continuous six-month horizon, four participation sce-
narios are evaluated. Results show that energy arbitrage-only re-
duces net cost by approximately 25% compared to baseline oper-
ation but induces severe cycling and degradation. In contrast,
FCR participation fundamentally reshapes performance. Eco-
nomically, capacity revenues yield over 700% improvement in net
economic outcome relative to non-FCR cases. Simultaneously,
daily state-of-charge swings decrease by more than 50%, while
degradation remains tightly bounded. Thus, these results demon-
strate that reserve-oriented dispatch enables both high profitabil-
ity and physically sustainable BESS operation.

Index Terms-- Battery Energy Storage System, Degradation Cost,
Frequency Containment Reserve, Thermal Management.

1. INTRODUCTION

Ongoing deregulation, increasing renewable penetration,
and declining system inertia are placing growing demands on
frequency stability in modern power systems. Consequently, In
Japan, these trends have heightened the need for fast and flexi-
ble balancing resources capable of responding to short-term fre-
quency deviations under market-based operation. Particularly,
recent system-level studies emphasize that distributed flexibil-
ity resources will be essential for maintaining secure and resil-
ient operation in future Japanese power systems [1]. Among
available technologies, battery energy storage systems (BESSs)
are particularly well suited for frequency containment reserve
(FCR) services due to their rapid response and bidirectional
power capability.

Accordingly, several studies have examined BESS opera-
tion in the Japanese electricity market, focusing mainly on
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economic dispatch using Japan electric power exchange (JEPX)
price signals [2], local energy management and imbalance com-
pensation [3], and resilience enhancement through battery-PV
coordination [4]. In addition, recent reports identify ancillary
service provision as a key opportunity for grid-scale battery de-
ployment in Japan [5]. However, these works primarily address
energy arbitrage or local objectives and do not explicitly model
participation in the Japanese FCR market under realistic reserve
requirements and assessment rules.

On the other side, internationally, BESS participation in fre-
quency regulation markets has been studied in greater detail.
For example, the authors in [6], [7] demonstrated the im-
portance of accounting for operational constraints and degrada-
tion effects when evaluating feasibility and profitability. Nev-
ertheless, the market structures and assessment procedures con-
sidered in these studies differ significantly from those applied
in Japan, limiting the direct applicability of their conclusions.

To address this gap, this paper proposes a market-compliant
mixed integer linear programing (MILP) framework for large-
scale BESS participation in Japan’s FCR market. In contrast to
prior studies, the formulation explicitly enforces Assessment I
compliance, bid deliverability, and market rules within the op-
timization. Furthermore, thermal dynamics and degradation
costs are also embedded, enabling realistic evaluation of high-
utilization operation using actual Japanese spot and FCR price
data. Hence, the main contributions are threefold:

Cl) A unified scheduling framework that enforces Japan’s
FCR Assessment I requirements end-to-end, closing the
gap between optimized bids and qualification feasibility,

C2) a quantitative assessment of how energy export and FCR
participation reshape dispatch behavior, SoC trajectories,
and reserve headroom, and

C3) demonstration that explicitly modeling thermal and degra-
dation constraints materially alters reserve feasibility and
economic outcomes compared to simplified BESS models.



II. SYSTEM MODEL AND MARKET COUPLING

The study considers a grid-connected BESS coupled to Ja-
pan’s spot energy and FCR markets, as illustrated in Fig. 1.
The BESS exchanges power with the grid at the point of com-
mon coupling (PCC), purchasing energy for charging or ex-
porting energy during discharging at JEPX spot prices. In par-
allel, the BESS may provide FCR by reserving symmetric up-
ward and downward capacity and receiving capacity payments
independent of activation energy.

Practically, battery operation determines the state of charge
and supplies both exported power and a non-dispatchable elec-
tric vehicle (EV) charging demand within the scope of this
study. In addition, a heat, ventilation, and air conditioning
(HVAC) system draws electrical power from the PCC to main-
tain battery temperature within prescribed limits.

Exclusively, this work focuses on FCR Assessment 1. Alt-
hough Assessment I permits reserve shortfalls with penalties,
reserve deliverability is enforced here as a hard constraint.
Consequently, all committed FCR capacity must remain phys-
ically deliverable considering battery operation, EV demand,
and auxiliary power consumption.

111 OPTIMIZATION PROBLEM FORMULATION

The BESS scheduling problem is formulated as an MILP
model over discrete time steps t € T = 8832 and FCR market
blocks b € B = 1472. Specifically, the formulation jointly
optimizes energy trading, reserve provision, thermal operation,
and degradation-aware scheduling under Japanese FCR rules.

A. Objective Function

Principally, the optimization seeks to minimize the total op-
erating cost by accounting for energy purchases, reserve reve-
nues, energy exports, and battery degradation, as described by
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where, pf Y and pfet are the spot purchase and selling

prices at time t [JPY/kWh], respectively. P" and PHV4¢ de-
note the battery charging power and HVAC electric power
[MW], respectively. The charging efficiency is symbolized by
Nen. At is the slot duration [0.5 h], Q,, is the symmetric FCR
capacity reserved in block b [MW], pf¢R is the FCR capacity
price [JPY/kW/0.5h], and T}, is the duratlon of block b [3 h].
Finally, P is the exported power and Cge4 represents the
BESS degradation cost at time ¢ [JPY].

B. Electrical and Energy Constraints

To represent feasible battery operation, charging and dis-
charging powers are limited by rated capacity and mutually ex-
clusive operation, as shown in (2)-(4).
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Fig. 1. System and market coupling for BESS participation in the Japa-
nese FCR market

0< PtCh < U{:hPrated (2)
0< Ptdis < Utdisprated (3)
Ut + U <1 4)

where, P& defines the battery discharging power [MW],
P, ateq is the rated power capacity of the BESS [MW], and U£"
and U3 € {0,1} are binary variables preventing simultaneous
charging and discharging.

Furthermore, given these power decisions, the battery state
of charge (SoC) evolves according to energy conservation, as
given by (5) [8]. Moreover, to ensure physically admissible op-
eration and avoid end-effects, SoC limits and a terminal con-
straint are enforced, as expressed in (6).
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where, E, is the battery energy at time t [MWh], 14, is the
discharging efficiency, E,,;, and E,,,, are the BESS’s SoC
limits [MWh], and E, and E, denote initial and terminal SoC
[MWHh].

Epn=E + UchPtChAt -

In addition to market participation, the BESS must supply a
non-dispatchable EV demand, as formulated by (7).
PP = DEY 7)
where, PV is power supplied to EV charging [MW] and
DEV is the fixed EV load profile [MW].

Finally, the net power exported to the grid is then deter-
mined by battery discharge after serving the EV load, as in (8).

P = mai P — P ®

C. FCR Participation Constraints

FCR participation is modeled by reserving symmetric ca-
pacity subject to market limits and bid granularity, as formu-
lated in (9)-(11).



Qmin < Qb < Qmax (9)
Qp =Ny Yy (10)
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where, Q. qx are Qpin the maximum and minimum allow-
able bidding capacity [MW]. n, is an integer granularity vari-
able reflecting the minimum bid increment [kW], and y,, is a
binary variable indicating whether an FCR bid is placed in
block b.

To ensure Assessment I compliance, the reserved FCR ca-
pacity must remain deliverable given the available energy
throughout the block, as constrained by (12) and (13).
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[h].

D. Thermal System Constraints

is the remaining duration of the FCR block

To capture the coupling between electrical operation and
temperature evolution, battery thermal dynamics are modeled
using a lumped energy balance, as expressed by (14) [9].

b b
Tt+1 - Tt
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qheat
where, TP is battery temperature [°C], T/,,, is ambient
temperature [°C], C.y is thermal capacitance [MWh/°C], and
UA is thermal conductance [MW/°C]. 7", q£°°', and q/'***
represent the internal heat generation, and the corresponding
cooling and heating thermal outputs [MW,,,], respectively.

Ttb) qcool (14)

Additionally, for a safe operation, hard temperature bounds
are imposed by (15).

b
Tmin < Tt < Tmax

15)
On the other side, qf " is linked directly to charging and
discharging losses, as depicted in (16).
1 .
gt = (—-1) P+ AP (16)
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Accordingly, the electrical power consumed by the HVAC
system is bounded and directly coupled to the heating and cool-

ing thermal outputs through fixed coefficients of performance,
as expressed by (17)-(19).

0< Pcool + Pheat < Prg‘l{f (17)
qie** < COP,P** (18)
qgool < COPCPtCOOl (19)

where, P£°° and P[*** denote the electrical power con-
sumed by the cooling and heating units [MW], respectively.
PHVC is the maximum available HVAC electrical capacity

[MW]. COP. and COP;, represent the coefficients of perfor-
mance of the cooling and heating systems, respectively.

E. Degradation Model

Lastly, to internalize aging effects, battery degradation is
represented using a piecewise-linear (PWL) approximation of a
depth-of-discharge-dependent cost, as formulated in (20) [10].

K
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where, K is the number of degradation segments and Pﬂ(‘
and P"“S are segment allocations. ACy, is the PWL degradation
slope for segment k [JPY/MWh], which is function of the deg-
radation cost coefficient § [11] and depth-of-discharge incre-
ment &, as described in (21).
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F. Decision Variables

Consequently, the optimization simultaneously determines
the electrical dispatch, thermal operation, degradation alloca-
tion, and FCR market participation of the BESS through the fol-
lowing set of decision variables:

PtCh Ptdis Pexp Et Ttb PtCOOl Pheat
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V. SIMULATION DATA, PARAMETERS, AND SCENARIOS

Herein, the proposed MILP framework is evaluated using
real market, load, and environmental data over a continuous six-
month horizon (July-December 2024). Furthermore, electricity
prices are taken from the JEPX for the Kyushu area [12]. More-
over, realistic purchase prices include wheeling charge (1.27
JPY/kWh), renewable energy surcharge (3.98 JPY/kWh), and
non-fossil certificate price (0.40 JPY/kWh). Besides, export
revenues are computed by subtracting the generation wheeling
charge (0.43 JPY/kWh) from the spot price. On other hand,
FCR capacity revenues are applied on a 3-h block basis, con-
sistent with the prevailing market settlement rules during the
study period [13].

The 5.5 GWh aggregated EV charging demand is derived
from real charging-session data from municipal parking facili-
ties in New York City [14]. However, it is converted into a 30-
min average power profile applied as an exogenous load served
by the BESS. Additionally, ambient temperature data are ob-
tained from measured observations in Fukuoka [15] and con-
verted to 30-min resolution. Such real logs preserve seasonal
thermal variability that influences battery temperature and
HVAC operation. All main simulation parameters are summa-
rized in TABLE I and follow prior studies [9], [10], [16].

To isolate the impacts of energy export and FCR participa-
tion, four scenarios are evaluated: S1 (EXPoff-FCRoff) consid-
ers spot-market charging only, S2 (EXPoff-FCRon) enables re-
serve provision without export, S3 (EXPon-FCRoff) allows en-
ergy arbitrage via export only, and S4 (EXPon-FCRon) com-
bines export with FCR participation. All optimization scenarios
are formulated and solved in MATLAB R2024b using the
intlinprog MILP solver.



TABLE L. KEY PARAMETERS USED IN SIMULATIONS

Parameter Description Value [unit]
Prated Rated charge/discharge power 50 [MW]
Emin-Emax SoC limits 20-180  [MWh]
Qmin» OQmax  Min and Max FCR bid 1,50 [MW]
Nen& Nais Round-trip efficiency 0.95 -
Cen Thermal capacitance 1.2 [MWL/ °C]
UA Heat transfer coefficient 0.2 [MW/ °C]
pHve HVAC power limit 0.7 [MW]
COP,,COP, HVAC COPs 3.0,40 —
Tonin-Tinax Temperature limits 15-30 [°C]
B Cycle aging cost coefficient 13755 [JPY/MWh]
V. RESULTS AND DISCUSSIONS

A. Whole-Period Economic Qutcomes

Fig. 2 reports the aggregated economic outcomes over the
July-December 2024 horizon. In the baseline case without ex-
portor FCR (S1), the BESS operates at a net cost of 90.3 MIJPY,
dominated by spot energy purchases, with degradation and
HVAC costs contributing a smaller share. Allowing energy ex-
port without FCR (S3) lowers the net cost to 68.0 MJPY, re-
flecting partial recovery through arbitrage. However, the asso-
ciated increase in degradation and HVAC costs limits the over-
all benefit.

In contrast, FCR participation fundamentally alters the eco-
nomic balance. With FCR enabled and export disabled (S2), ca-
pacity revenues of 662.9 MJPY outweigh all operating costs,
resulting in a net profit of 547.1 MJPY. Moreover, combining
export and FCR (S4) yields a comparable profit of 550.1 MJPY.
This modest improvement arises since export partially offsets
spot energy costs while leaving degradation and HVAC bur-
dens essentially unchanged.

B. Daily Economic Trends

Furthermore, the daily cost, revenue, penalty, and net out-
comes for the four scenarios over July-December, indicate clear
performance differences. Without FCR participation, revenues
are negligible and the net outcome remains near break-even,
with average values of approximately +0.5 MJPY/day (S1) and
+0.4 MJPY/day (S3) and limited variability (¢ = 0.5-1.0
MJPY/day). With FCR enabled, average daily revenue in-
creases to about 3.6 MJPY/day, resulting in consistent net prof-
its of roughly —3.0 MJPY/day. Variability rises modestly (¢ ~
1.1 MJPY/day), driven mainly by FCR price fluctuations, while
no penalties are incurred.

C. Daily SoC Trends

Daily SoC trajectories highlight the contrasting operational
roles of export-driven arbitrage and FCR-oriented reserve pro-
vision, as shown in Figs. 3(a) and (b). In Fig. 3(a), export par-
ticipation without FCR (S3) induces the most aggressive cy-
cling, with nearly double the charge/discharge throughput rela-
tive to non-export operation. Hence, it introduces the largest
daily SoC swings (mean ~ 76 MWh) and frequent excursions
toward the energy limits.
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Fig. 2. Operational cost breakdown of the BESS
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In contrast, Fig. 3(b) illustrates how FCR participation (S4)
fundamentally reshapes SoC behavior. Specifically, the opera-
tion is concentrated around mid-range levels (= 100-103
MWh), daily swings are reduced to about 35 MWh, and ex-
treme excursions (ASoC > 120 MWh) are eliminated. Moreo-
ver, FCR operation raises the minimum SoC by approximately
4-6 MWh, preserving reserve headroom and avoiding deep de-
pletion.

D. Daily Thermal Trends

To capture the dominant thermal behavior, Figs. 4(a) and
(b) present representative temperature profiles for S3 and S4. In
both cases, the thermal controller strictly enforces the hard lim-
its, keeping the battery temperature within 15-30 °C for the en-
tire six-month horizon. The mean operating temperature re-
mains tightly clustered at <23.7-23.8 °C, indicating stable ther-
mal regulation.

Export-only operation induces deeper cycling and signifi-
cantly higher cooling demand. However, it does not widen the
temperature range, as the additional thermal stress is handled
through increased HVAC activity. In contrast, FCR participa-
tion maintains similar temperature stability with lower cooling
effort, highlighting the moderating effect of reserve-oriented
dispatch.



Moreover, Fig. 5 compares the cooling and heating electric-
ity demand of the BESS thermal management system across the
four scenarios. In S1, S2, and S4, heating slightly dominates the
HVAC electricity consumption, accounting for about 52-53%
of the total, while cooling represents 47-48%. In contrast, S3
shows a noticeably higher HVAC demand (578.9 MWh), where
cooling becomes dominant (59.1%), reflecting the increased
thermal load during export-driven operation.

E. Assessment I Compliance

Herein, the distribution of offered FCR capacity for EXPon-
FCRon (S4) is illustrated. According to Fig. 6, the bidding pro-
file is concentrated between approximately 21-27 MW, with a
mean (median) value of 22.52 MW (24.15 MW) and a maxi-
mum of 26.63 MW. Moreover, the 25%-75% percentile range
spans from 20.93 MW to 26.02 MW, indicating consistently
high reserve provision. Over the full horizon, the BESS delivers
199430.6 MWh of reserve capacity under strict Assessment I
compliance.

F. Daily Degradation Trends

Daily degradation cost strongly depends on the operating
strategy, as shown in Fig. 2. Export-only operation (S3) results
in the highest degradation, reaching 13.28 MJPY over the study
period. This increase is caused by deeper and more frequent cy-
cling driven by spot-market arbitrage.

With FCR participation, degradation remains effectively
constrained. Total aging cost stays close to the non-export base-
line at 7.3-7.6 MJPY (=0.040-0.042 MJPY/day), even when ex-
port is enabled. Consequently, the degradation share of energy-
related costs decreases from 24.3% in S3 to approximately 6.7-
7.2% in FCR cases. This limited impact reflects the Assessment
I-only modeling. Practically, Assessment II activation would
increase droop-driven cycling and degradation.

VI. CONCLUSION

This work introduces a market-consistent MILP model for
large-scale BESS participation in Japan’s FCR market. Speci-
ficity, the model includes thermal dynamics, degradation, and
auxiliary power consumption using real market data. Particu-
larly, results show that energy export alone provides limited
benefit. Moreover, although spot energy costs decrease by
~41%, degradation and HVAC costs increase by ~82% and
~37%, respectively, resulting in only a ®25% reduction in net
cost. In contrast, FCR participation revenues exceeding 660
MIJPY convert BESS operation from a net cost to a net profit of
about 550 MJPY.

Operationally, reserve-oriented dispatches reduce daily
SoC swings by =54%, raises minimum SoC by 4-6%, and elim-
inates extreme excursions. Furthermore, the degradation share
of energy-related costs drops from 24.3% to below 7.2%. Fi-
nally, thermal limits are satisfied for 100% of the horizon, con-
firming feasibility under sustained high utilization.

Future work will incorporate Assessment II dynamic acti-
vation based on droop control, including slot-level bidding and
pricing under Japan’s updated FCR rules effective from April
2026.
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