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ABSTRACT

In this study, we aim to develop an Energy Management System (EMS) that uses model predictive
control (MPC) to optimize photovoltaic and battery energy storage systems. In previous studies, we
proposed an MPC formulation method based on mathematical optimization to address underlying issues.
However, we identified additional issues related to the requirement for specialized expertise and inherent
challenges in operational explanation and troubleshooting, which limit practical applicability. In this paper,
we propose a novel control methodology based on a relatively simplified logic. In addition, we conducted
case studies to compare its performance with conventional control strategies. Our simulation results showed
that, when compared to a strategy that maximizes energy self-sufficiency, our method reduces annual
electricity costs by approximately 20% and nearly half the simplified payback period. Furthermore, the
evaluation indicators show that our proposed methodology performs similarly to that of a mathematical
optimization control method.

1. INTRODUCTION

In this research, we aim to develop an energy management system (EMS) to maximize on-site
renewable energy utilization and mitigate power supply from the grid. The operational objectives and
evaluation indicators for equipment management differ according to each building, and stable operation
requires consideration of equipment constraints and operational planning extending several days ahead. To
address these issues, we have pursued the development of an EMS employing model predictive control
(MPC) as an optimal control method.

Previous studies have reported various approaches to solving MPC optimization problems, including
heuristic algorithms and mathematical optimization methods [1-5]. We have also reported an MPC
formulation method applying mathematical optimization for power supply and demand control in a research
facility, equipped with battery energy storage systems (BESS) and photovoltaics (PV) [2]. However, the
application of mathematical optimization methods entails a need for specialized expertise and practice. Also,
challenges remain regarding the difficulty of explaining system operations and investigating malfunctions.
These factors may present both physical and psychological barriers to EMS deployment.

In this paper, we describe an initiative to formulate a more highly explainable MPC using a relatively
simplified logic, with objectives of levelling grid power and enhancing energy self-sufficiency. The
proposed control method, hereafter, is referred to as peak-cut control.

2. TARGET SYSTEM AND ENERGY SIMULATION

2.1 Overview of Energy System

In this report, system of Takasago Innovation Center (TIC) [1] was selected as the target for analysis.
Main characteristics of the facility is shown in Table 1. The building is composed of an office, a laboratory and
an equipment exhibition building. Regarding the purpose of this research, we focused exclusively on the office
building.
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Table 1 Facility overview

Location Tsukubamirai-shi, Ibaraki-ken, Japan

Site Area 22,746 m?

Total Floor Area | 11,764 m?

Office: 4,897 m?

Laboratory: 6,058 m?
Equipment exhibition: 809 m?
Building Height | 15.455 m (2-story)

Structure Steel structure
(partially reinforced concrete structure)

Completion January 2020

Fig. 1 illustrates a schematic diagram of the target system's power configuration. Within TIC,
photovoltaic (PV) systems are installed on the laboratory building rooftop, and large-capacity battery energy
storage systems (BESS) are deployed both on the office building rooftop and site premises. However, in this
report, only the office building is considered as the target of analysis. Therefore, BESS capacity is
determined based on the office building’s power demand, and PV capacity is determined from available
rooftop area. The simulation conditions are summarized in Table 2. Notably, the simulation assumes that
surplus electricity can be exported to the grid through reverse power flow.
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Fig. 1 Energy system diagram

Table 2 Simulation conditions

Target period 2024/1/1-2024/12/31

Annual power load 22,3403 kWh
(max.117 kW)

PV rated output 60 kW

BESS rated capacity 400 kWh (C-rate50%)
BESS rated output 200 kW

Prediction period 24 h (per 1 h)

Time step lh

2.2 Power Load of TIC

The annual power load of the office building is shown in Fig. 2, and weekly load with the
highest peak is shown in Fig. 3 (August 17-23). Throughout the year, power demand peaks during
the summer and winter seasons, reaching its lowest levels during the intermediate periods. Within the
selected week, load decrease is observed on weekends, with pronounced peaks occurring during
daytime hours of weekdays. These patterns show that the office building has typical load fluctuations
for standard offices.
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Fig. 2 Annual power load (2024/1/1-12/31) Fig. 3 Power load at 2024/8/17-8/23

2.3 Energy Simulation Flow

The flow chart of the energy simulation is shown in Fig. 4. First, the PV output is calculated using the
specified solar irradiation data. Next, both the PV output and power load are used to determine the grid power
target so that the operational constraints of BESS are met. Finally, values for BESS output, state of charge, and
grid power are calculated. While MPC typically forecasts solar irradiation and power load from given conditions,
this simulation assumes perfect prediction accuracy by utilizing actual measurement data from the office
building. The PV and BESS models employed in this simulation are formulated based on methods proposed in
a previous report [2].

l

Given conditions
Input :  Solar radiation [kW/m?]
Power load [kW]

Calculation of PV power
Input :  Solar radiation [kKW/m?]
Output: PV Power [kW]

N
Optimization of Target Grid power

Input : PV power [kW]
Power load [kW]
Output:  Target Grid power [kW]

Calculation of BESS SOC & Grid power
Input : PV power [kW]
Power load [kW]
Target Grid power [KW]
Output: BESS power [kW]
BESS SOC [kWh]
Grid power [kW]

Fig. 4 Flow chart of energy simulation

2.4 Energy simulation flow

This subsection describes the methodology of the proposed peak cut control in this report. Additionally,
the two control methods adopted for comparison is described: the energy self-sufficiency maximization control
and the peak cut control using mathematical optimization.

2.4.1 Common constraints for all control methods

The general constraints applicable to all control methods are specified in equations (1) and (2). These
constraints specify that both the output power and state of charge for BESS must remain within their respective
rated minimum and maximum values.

IA
IA

PBESS_min PBESS,k PBESS_max (1)

IA

Egpss min < Eppssk < EBEss max 2)
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(Psgssy: Predicted BESS power [kW], Pggss min: Minimum BESS power [kW], Pygss max: Maximum BESS power [kW], Egggs:
Predicted BESS SOC [kWh], Eggss min: Minimum BESS SOC [kWh], Egggs max: Maximum BESS SOC [kWh])

2.4.2 Energy self-sufficiency maximization control (Basic method)

This method is designed to store surplus power generated by PV and, in response to power demand,
preferentially supply the stored energy from BESS [2]. The calculation method of BESS output is showen
in equation (3).

Pgesst = Pioaatr — Prve (3)
(t: Target time for control, Pggss:: BESS power [kW], Pyqq+: Power load [kW], Ppy . PV power [kW])

2.4.3 Proposed peak cut control (Proposed method)

Based on the proposed method, equations for determining target values of grid power are shown in
equations (4) to (8). In this approach, two thresholds are introduced: Pipy gy, Which is designed to
suppress the peak of grid power, and Ptpy min, which is utilized to elevate the minimum value of grid power
by pre-charging BESS.

0 < Pthr_max < Pdemand (4)

0 < Pthr_min < Pdemand (5)

Pgrid_basic = Pioga — Ppy (6)
Pthr_max ) Pthr_ max < Pgrid_basic,k

Pgrid_opt,k = Pgrid_basic,k ’ Pthr_min < Pgrid_basic,k < Pthr_max (7)
Pthr_min ) Pgrid_basic,k < Pthr_ min

minimize fop;7 = max(Pyrig opt) (8)

(P\gridibasi,:: Predicted grid power during the prediction period based on basic method [kW], Pjy44: Predicted power load during
the prediction period [kW], Ppy: Predicted PV power during the prediction period [kW], Pgridio,,t_k: Target value of grid power
[kW], ﬁgn-dibasi,:,k: Predicted grid power based on basic method [kW], fo;1: Objective function of proposed method, Pgrss:
Predicted BESS power during the prediction period [kW])

The calculation procedure is outlined as follows. The threshold values, Py mayx and Pepy min, are
each explored across the range from 0 kW to the demand power, divided into 20 segments.

1. Calculate the grid power based on basic method control (ﬁgrid_net), given the PV output and power
load as input conditions.

2. Determine the target value of grid power using equation (7), from ?grid_net and the assumed values
of P thr_max and P, thr_min-

3. Run an energy simulation over the prediction period based on the target values of grid power
determined in Step 2.

4. By repeating Steps 2 and 3, search for the optimal solution as the set of conditions that minimizes the
objective function (fop 1)

Fig. 5 shows a schematic of grid power and BESS SOC control results using the proposed method.
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Fig. 5 Control results of grid power and BESS SOC

2.4.4 Peak cut control by mathematical optimization (SQP method)

The objective function of the SQP method is shown in Equations (9) and (10). The root mean square
of the grid power is utilized to minimize both the total amount and the variance of grid power over the
prediction period. To facilitate the convergence of the optimization calculation, grid power is normalized
by dividing it by the maximum value of the power load (demand power).

T-1

.. . ~ 2
minimize fopj, = zk—ow‘g”d'k 9
P
—~ grid,k
Byrigse = 5 20 (10)
demand

(fobjz2: Objective function of SQP method, T: Number of prediction steps [-], k: Any number of steps within the prediction
period [-], Wyriqx: Normalized predicted grid power [-], f’gn-d'k: Predicted grid power [kW], Pgemanag: Demand power [kW])

An algorithm based on Sequential Quadratic Programming (SQP) was adopted to solve the
optimization problem. Specifically, the SLSQP solver from the Python library SciPy [6] was utilized.
Furthermore, as SQP requires the use of differentiable expressions, a continuous approximation model for
BESS, based on the method reported in a previous study [2], was employed to facilitate the optimization
process.

2.5 Evaluation Method

The simulation results based on each control methods were evaluated based on the following
indicators: electricity cost, CO2 emission and payback period. These metrics were selected to provide a
comprehensive assessment of the system's performance.

2.5.1 Electricity cost
The calculation equations for electricity cost are presented in Equations (11) to (13). The unit prices
for electricity charges are based on a typical high-voltage pricing structure in Japan [7].
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COSTy, = COSTg + COSTp (11)
COSTy = Ug Egrig (12)
COSTp = 12 Up Pyrig max (13)

(COST,y;: Annual electricity cost [yen/year], COSTg: Annual electricity charge [yen/year], COSTp: Annual basic charge
[yen/year], Ug: Electricity charge unit price [yen/kWh], Eg,;4: Annual amount of received grid power [kWh/year], Up: Basic

charge unit price [yen/kW'month], Pyyig max: Maximum annual grid power [kW])

2.5.2 CO; emissions
The calculation equations for CO, emissions are shown in Equation (14).

Cearbon = Ucarbon Egrid (14)
(Cearpon: annual CO2 emission [t-COq2/year], U qrpon: CO2 emission coefficient [t-CO2/kWh])

2.5.3 Simple payback period

The calculation equations for the simple payback period are presented in Equations (15) and (16). In
this report, the simple payback period is defined as the equipment installation cost divided by the annual
electricity cost reduction achieved. The reduction in electricity cost is calculated based on the annual
electricity cost prior to the installation of equipment.

COSTinitiar
Y, = — 15
payback COSTreduced ( )
COSTrequcea = COSTpare — COSTyy (16)

(Ypayback: Simple payback period [year], COSTin;tiq:: Equipment installation cost [yen], COSTyeqyceq: Annual electricity costs
reduced by equipment installation [yen/year], COSTyq.: Annual electricity cost before installing equipment [yen/year])

The constant values adopted for each indicator are presented in Table 3. The electricity charges and
the CO, emission coefficient are based on the published figures for fiscal year 2024 [7].

Table 3 Constant values used for each indicator

Electricity charge unit price 20.61 | yen/kWh
Basic charge unit price 3,220 | yen/kW-month
COz emission coefficient 0.000434 | t-CO2/kWh
Equipment installation cost 34.2 | Millions of yen
PV system unit price 170,000 | yen/kW

BESS unit price 60,000 | yen/kWh

3. CALCULATION RESULTS AND EVALUATION

3.1 Qualitative Evaluation of a Representative Week

Fig. 6-8 display the weekly profiles of power load, PV output, BESS power, and grid power for
August 17-23, 2024, which had the highest load. With the Basic method, early depletion of BESS state of
charge limits its discharge and causes higher daytime grid power peaks. In contrast, both the proposed and
SQP methods optimize BESS usage, reducing grid power peaks to 40—60 kW. The similar patterns in BESS
charge and grid power confirm the effectiveness of the proposed approach in peak reduction.
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3.2 Quantitative Evaluation of Annual Simulation Results.

The evaluation indicators of electricity cost, CO, emissions, and simple payback period were
calculated, and both the results and reduction rates were determined, respectively. The reduction rates for
electricity cost and CO; emissions were calculated based on evaluation values prior to equipment installation,
as well as the simple payback period.

3.2.1 Results of Electricity cost

The results for electricity cost and its reduction rate are presented in Fig. 9 and 10. Compared to the
Basic method, both the proposed method and the SQP method resulted in a comparable decrease in
electricity costs. Notably, the annual basic charge was reduced to approximately half, demonstrating a
significant effect of the grid power levelling achieved by the methods. The cost reduction rate for both the
proposed and SQP method was approximately 20%, indicating the pronounced impact of implementing
peak-cut control. Although the proposed method and SQP method differ in specific electricity cost
reductions, their overall reduction rates were overall the same.

8.000,000

OElectricity charge
m Basic charge
204,321

40.0 386
6,000,000
30
4,000,000 350,625 3,322,245 X R
20 183
2,000,000 10 l
0 0

Basic method Proposed method SQP method Basic method Proposed method SQP method

Reduction rate of
Electricity Cost [%/year]

Electricity Cost [yen/year]

Fig. 9 Results of annual electricity cost Fig. 10 Results of reduction rate for electricity cost

3.2.2 Results of CO; emissions

Fig. 11 and 12 show that all control methods reduced CO, emissions by about 30%, mainly due to
PV's effect on lowering grid power usage. It also shows that both the proposed and SQP methods produced
similar CO, emission outcomes.

On the other hand, compared to the Basic method, both the proposed and SQP methods slightly
increased CO, emissions due to greater annual grid power usage from BESS charge/discharge losses (see
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Fig. 13). This results from the increase in BESS cycles with the peak cut control versus Basic method. While
further optimization of BESS operations could reduce CO, emissions, there is a trade-off between lowering
electricity costs and CO; emissions. As PV and BESS adoption grows, it will be important to tailor solutions
to each customer's needs.
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Fig. 11 Results of annual CO: emissions Fig. 12 Results of reduction rate for annual CO:
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3.2.3 Results of Simple payback period

The results for the simple payback period are presented in Fig. 14. In comparison to the Basic method,
both the proposed method and SQP method achieved a reduction in the payback period to approximately
half. Furthermore, the evaluation results for the proposed method and SQP method were essentially
equivalent.

25

205
20
15
9.7
10 94
5 l l
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Basic method Proposed method SQP method

Simple Payback Period [year]

Fig. 14 Results of simple payback period

4. CONCLUSIONS

In this study, a control method for BESS with a relatively simplified logic was proposed for facilities
equipped with PV and BESS, and its performance was compared with multiple control strategies through
energy simulation. The findings for the proposed method are as follows.

1. Compared to the energy self-sufficiency maximization control, the proposed method achieved
approximately a 20% improvement in annual electricity cost reduction rate and shortened the simple
payback period to about half.

2. The annual CO, emissions reduction rate remained roughly equivalent at around 30% for all control
strategies implemented.
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. The proposed method achieved the peak-cut control similar to that achieved through mathematical

optimization method and resulted in evaluation values that were generally equivalent.
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