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ABSTRACT

In this research, we aim to develop an energy self-sufficient system by applying model predictive control.
The objective of this research is to construct a model which can predict both the amount of energy load
and renewable energy generation in a building. We will aim to verify the validity and effects of both the
models and the predictive control, at the Takasago Innovation Center. In this paper, the yearly power
balance and transition of power generation and battery power in the building is estimated by operational
data. As a result, for self-sufficiency of electricity, it was shown that it’s necessary to suppress the
Photovoltaic output from an early stage by predicting energy balance, and to optimize the operation plan
of combined heat and power system.

1. INTRODUCTION

As the Japanese government declared to aim for a carbon neutral society by 2050, attention for ZEBs
(Net Zero Energy Buildings) is higher than ever. But along with the diffusion of renewable energy sources,
the conventional power grid has become so strained that reverse power flow is being limited in some areas
[1]. Furthermore, due to the rise of natural disasters such as typhoons and earthquakes, the importance of a
grid independent, energy self-sufficient system is increasing.

To achieve an energy self-sufficient system by renewable energy sources, we need enough energy to
satisfy the load and appropriate allocation of power by batteries etc. However, in areas where reverse
power flow is restricted, it is necessary to either suppress the amount of power generation or, convert the
surplus power to other energy sources such as thermal energy, when the battery storage reaches full charge.
Whichever method we choose, it is required to optimally control the system with respect to the ever-
changing energy consumption and the amount of power generated from renewable energy sources,
represented by solar power generation (PV).

Therefore, in this study, we adopt model predictive control (MPC), using models of energy consumption,
renewable energy power generation and the energy system. Furthermore, we aim to implement the MPC in
BBV T ¥4 ) _X— 3 & & — (Takasago Innovation Centers: TICs) energy management
system (EMS) [2] and, verify the validity of both the models and the MPC. In constructing prediction
models, we plan to study the latest method of GCN (Graph Convolutional Network) [3], in addition to the
conventional ANN (Artificial Neural Network) and Bayesian neural network.

Specifically, we plan to carry out our research through the following steps.

0) Step 0 Concept and problem identification (This report)
1) Step 1: Constructing models

We will select model construction methods that predicts energy consumption, power generation such as
PVs for a certain period, and verify its accuracy. At this step, both the target accuracy and period of each
prediction models are set through energy simulations. The next report (Part 2) is included in this step.
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2) Step 2: Verification of MPC

We will verify the validity and effect of MPC, in which the models developed in step 1 is implemented.
3) Step 3: Implementation of MPC into the TIC EMS

We will implement the prediction model and MPC constructed in steps 1 and 2, into the TIC EMS, and
demonstrate their validity and effectiveness.

In this report, the outlines of the following are illustrated: the building of TIC, its power source and
storage equipment, the conventional operation plan. the actual values of energy consumption and supply,
the actual values of received power from the grid (August 2020 to April 2021). In addition, after showing
the calculation results of annual power balance and stored energy, operational issues are described.

In the next report (Part 2), on the construction of the prediction models (step 1), the outline of GCN and
the case study results on the prediction of solar radiation using this method is described.

2. OVERVIEW OF TIC

2.1 Building overview

As previously reported [3], TIC was established in April 2020. It is divided into an office, a laboratory, an
equipment exhibition building, a presentation room, and a planting / R&D area (Fig. 1). In the estimation with
BEST, it is expected to achieve ZEB for the office building, and Nearly ZEB for the entire building.

Fig. 1 Overview if TIC

2.2 System overview of energy sources

TIC has an energy system based on power supply from PV, power and thermal energy supply from biomass
gasification generators (CHP: Combined Heat & Power) and redistributed surplus power by storage batteries
[4] (Fig. 2). By the way, since the building is located where reverse power flow is restricted, batteries were
added in March 2021, where the capacity of Li-ion battery was significantly increased, and Sodium-sulfur
battery (NAS) was additionally installed. Table 1 shows the specifications of related equipment.

Innovation Center
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Fig. 2 TIC energy system
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Table 1 Equipment specifics

Name Item Specifics
PV Maximum Output 200.64kW (285Wx704 panels)
Type CHP (Fuel:Wood chips of pellets)
CHP Electricity Output 45 KW x 2
Heat Output 100 kKW x 2
Type Lithium-ion battery
Capacity 430 kWh

Battery (Li-ion)

2,965 kKWh (Newly-established)

Maximum Output

+ 429 kWh

Overall Efficiency

89.5%

Battery (NAS)

Auxillary 3kw
Type Sodium-sulfur Battery (NAS)
Capacity 1,277 KWh (Newly-established)

Maximum Output

+200 kWh

Overall Efficiency

80% (Heater excluded)

Heater Input

6 kW

Auxiliary

4 kKW

3. ENERGY OPERATIONAL PLAN

3.1 Operation of CHP
Base operation of CHP is planned with the goal of operating 7,800 hours a year for both units [5].

3.2 Operation of storage batteries
(1) Li-ion battery

At the time of establishment, the rated capacity of the Li-ion battery was 430kWh, but it was expanded in
March 2021 to a total of 3,390kWh. From the viewpoint of preventing deterioration, the lower limit is set to
about 50kWh before expansion, and about 300kWh after expansion, and it is set so that discharge cannot be
performed beyond that. For charging and discharging of the Li-ion battery, constant power reception control is
applied. The controller installed in the product constantly monitors the power receiving point. When the
power in the building is surplus (when reverse power flow occurs), the Li-ion battery is charged. When the
power is insufficient (when power flows from the grid), the Li-ion battery is discharged. This control method
is mainly installed in general power storage systems. Because the current system cannot generate reverse
power flow, the set value of power reception from the grid is set to 10 kW, in anticipation of safety. In other
words, even while aiming for power self-sufficiency, power will be constantly received around 10kW.
(2) NAS battery

NAS battery was newly installed in March 2021 as a subsidiary storage capacity for the Li-ion battery [2].

3.3 Operation of PV

For the concept of power generation, CHPs which can provide stable power supply are used as base power
source, in contrast to the PV which is easily affected by the weather. Therefore, PV is targeted for suppression.
Since surplus power cannot be converted into other energy sources with the current equipment, PV output is
suppressed when the storage capacity approaches full charge. Specifically, the PV suppression rate (control
level) increases when the amount of electricity stored exceeds a certain percentage of the preset maximum
storage capacity. Fig. 3 shows the control diagram, and Table 2 shows the current setting values. In this study,
we will proceed with the PV as the target for suppression for the time being.
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Fig. 3 PV output and suppression control

Table 2 Set values of PV suppression control

Batte_ry charged z?mount (%) Suppression level P\./ output(%) .
(Maximum capacity SP ratio) (PV maximum output ratio)
79 Level 2 100
84 Level 3 100
89 Level 4 90
94 Level 5 60
99 Level 6 0

4. ACTUAL POWER GENERATION AND POWER CONSUMPTION

To show the validity of inputs for the annual estimation described in chapter 5, this chapter explains the
measured data, such as the power generated from CHPs and PVs, the power received from the grid, and the
amount of power consumption from August 2020 to April 2021.

4.1 Actual power generated from CHPs
When both CHPs operated stably, the actual generated power was approximately 74kWh per hour on
average, against the rated 80kWh (40kWh x 2), confirming that the power generation was almost as rated.

4.2 Actual power generated from PV

During the measurement period (August 2020 to April 2021), the daily average of power generation from
PV was approximately 538kWh, about 94% of the estimated value at the time of design (572kwWh/day). The
6% difference can be considered that power generation from PV was suppressed when the Li-ion battery
approached the maximum storage amount, as described in Section 3.3.

4.3 Actual received power from grid

The hourly average of received power from the grid was approximately 25 kWh, over 1.5 times the assumed
value (10 kWh). This can be considered that received power increased when the power storage reached the
bottom limit, due to lack of storage capacity.

4.4 Actual power consumption

The daily average of power consumption during the measurement period (August 2020 to April 2021) was
approximately 1,720kWh for the whole building, and about 866kWh for the office. For the whole building,
target power consumption at the time of design was about 4,590kWh, so it was quite less than the target.
During the measurement period, it can be considered that the occupancy rate of the laboratory was
significantly lower than the normal operation state. For the office, it was approximately 1.5 times the initial
target (556kWh). For this, 2 causes are considered: 1. Power for special equipment for exhibition is included,
2. Operation rate of rooftop units where higher than expected [2].
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5. CALCULATION OF ANNUAL POWER BALANCE AND TARGET SETTING

In this chapter, the target value for annual suppression amount of PV output is shown, based on annual
power balance calculation for 2021. Annual power balance calculation is based on simple models such as
power consumption model of TIC, power supply models of CHP and PV, which are based on current
operating conditions previously explained. In addition, the issues in PV suppression and CHP operation is
shown, based on calculation results of annual stored electricity and power received from the grid.

5.1 Annual power consumption

The time average was calculated from measured values, divided into four categories: winter (December-
March), summer (June-September), intermediate period (April-May, October-November), and holidays. For
holidays however, data from March to April 2021 was used, when power usage of the laboratory was near
normal operation.

5.2 Annual power generation from PV

Since there is no actual measurement data of both PV output and solar radiation from May to July, and since
some of the actual measurement data includes the result of suppression control, the annual solar radiation
presented by the Meteorological Agency (Observatory: Tateno) and a simple estimation formula [6] were
used to estimate the annual PV output.

5.3 Annual power generation from CHP

CHP is assumed to operate for 7800 hours a year, generating 74 kWh per hour, as shown in 4.1. In addition
to the year-end and New Year holidays, the year-end and New Year holidays, the long holidays in May, and
the “Obon” period, maintenance days were set on weekends between these consecutive holidays, for a total of
960 hours.

5.4 Charged power of storage battery

Storage capacity is set to 4,200kWh, which is the sum of 2,900kWh for the Li-ion battery (about 85% of the
rated capacity), and 1,200kWh for the NAS battery. As for the Li-ion battery, a margin of about 15% is set,
from the viewpoint of preventing deterioration and as a subsidiary capacity.

5.5 Power for auxiliary equipment
For CHP auxiliary equipment such as chip dryer, circulation pump etc., the average value 8.2kWh was used.
For storage battery auxiliary equipment, the specification value (Table 1) was used.

5.6 Annual power balance

Table 3 shows the calculation results of the power balance in 2021. By subtracting total power consumption
from the total power supply (PV, CHP and received power from the grid), the annual surplus power 27,039
kWh is calculated. But if we set the storage capacity to 4100kWh, it can be considered that a maximum of
4100 kwh of surplus power is capable of charge.

Thus, it can be considered that the surplus power minus the charging capacity is necessary to be suppressed
in total (approximately 23,000kWh). Therefore, for 2021, the target of maximum output suppression of PV
was set to 23,000 kWh. By the way, “maximum output suppression” is defined as suppressed PV output,
which would have been generated if it was not suppressed.

5.7 Annual charged power and power received from grid

Annual calculation results of charged power and received power from gird are shown in Fig. 4 and 5,
respectively. Through calculation, it was assumed that the charge / discharge efficiency was 0.8 (charge: 0.89,
discharge: 0.89). On the other hand, PV suppression control was calculated on the premise of the current
control described in 3.3.

As a result, the total suppressed PV output was approximately 36,300kWh, about 1.6 times higher than the
target (23,000kwh). On the other hand, it was confirmed that the maximum storage capacity of 4,100kWh
was frequently exceeded, especially from April to July. Therefore, it can be considered that while the current
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PV suppression control works excessively, it is insufficient to keep the storage capacity below the set value,
and that the policy of using MPC mentioned at the beginning is expected to be effective.

As for power received from the grid, there were still some periods in which the expected value (10kWh) was
exceeded, although it was significantly reduced after the addition of batteries. Therefore, since the power
supply is insufficient during these periods, to aim power self-sufficiency, the following solutions can be
considered: 1. Reduce the amount of PV output suppression, 2. Either change CHPs maintenance period, or
increase its operating time in some cases.

On the other hand, it should be avoided as much as possible to suppress PV output in the first place and
therefore, it is necessary to consider capacity control of CHPs in the future.

Table 3 Estimated yearly power balance

+ Item Power
+ |PV 224,312 kWh
Power supply + |CHP 577,200 kWh
+ |Grid 87,600 kwh
Week days 558,629 kWh
Power load - |Holidays 125,994 kWh
Auxiliarys 177,450 kwh
Surplus power 27,039 kWh
Battery capacity - |Li—ion/NAS | 4,100 kWh
Suppress target 22,939 kWh (10% of total PV output)
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6. CONCLUSIONS

This report illustrated the outline of TIC's building, power source equipment, and its energy operation states.
In addition, by calculation of annual power balance and storage, it was shown that predictive control of power
generation and power consumption is necessary, and that detailed verification of CHP's annual operation plan
is also necessary. In the next report (Part 2), on the first step in constructing a prediction model, the outline of
GCN (Graph Convolutional Network) and the result of a case study on solar radiation prediction using this
method is described.

REFERENCES

[1] Ministry of Economy, Trade and Industry. F-2E FJRE = % /L ¥ — KT F3E AR ERM O RHOEHER LIV T Available
online: https://www.meti.go.jp/shingikai/enecho/shoene_shinene/shin_ energy/keito_wg/pdf/020_04_00.pdf (accessed 29 April 2021)
[2] A. Shimizu, Y. Hirahara, Y Matsunami, D. Hatori, M. Taka, S. Tanabe, Planning and evaluation of the Energy Self-Sufficient
Innovation Center (Part 16): Evaluation of ZEB Achievement Status and Countermeasures, ZZ5FHF0 « L LA R A1
FmSCER, 2021

[3] Y. Gao, Y Matsunami, S. Miyata, Y. Akashi, K. Shibata, K. Katayama, Y. Hirahara, Development of a grid independent energy
system using energy supply and demand prediction (Part 1): Concept and problem identification from operational data, Z=5GfH#n -
AR o R AT RR iR SUEE, 2021

[4] D. Hatori, Y. Mutoh, Y. Hirahara, A. Shimizu, K. Kimura, T. Takizawa, Planning and evaluation of the Energy Self-Sufficient
Innovation Center (Part 2): Plan of Architecture and Equipment for ZEB, 285HF0 « ik THR KRS AINGEERSCE, Vol.10,
pp149-152, 2020

[5] O. Motoda, Y. Hirahara, A. Shimizu, K. Kimura, D. Hatori, Y. Mutoh, , Planning and evaluation of the Energy Self-Sufficient
Innovation Center (Part 3): Energy Self-Sufficient System, 250 « fiTAE TP Ky FINGEREFR A, Vol.10, ppl53-156,
2020

[6] The JAPAN ELECTRICAL MANUFACTURER’ S ASSOCIATION, A3t/ « EER KB EREBEV AT LB A KT
> 7, Available online: https://www.jema-net.or.jp/jema/data/PVV_GuideBook.pdf, (accessed 29 April 2021)

L)

AWFFEIL. BYUNOEFEEBETHIHETET AL —ICLVEBRBET S Z L2 A
Lic T2 F =[N 27 L) OFZICHT, X - AL X —0HEE L HaEO
THFE, T2V EET L TPRHIEOZ LR REFEGET 522 L2 YL LT
WD, ARETIL, FiEEAT O @A /) X—va e F BT 53 E, HEaxin OB
BLHROEARILZ R L, FHOEEELRAA L, TORE, EHE2AKART 2ITF
TARNF =2 TRIL, RO O KRB O RN 2 M T o081 HLH 2 & & B
BfG Y AT 2OEMFHE 2 RKIE(L T 2 0ERH D T & 2GS LT,

N

EPENTY A ) _R—3 3 > v Z —# No.35 2021.



