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　論文内容の要旨

論　文　内　容　の　要　旨

氏　名　（　　　渡 大地　　　）

論文題名
A Study on System-Level Energy Management Methodology for Demand-Side Flexibility
(需要側調整力の創出に向けたシステムレベルエネルギーマネジメントに関する研究)

Towards a sustainable future, renewable energy, especially solar and wind power, increasingly emerge
as a clean energy source without emitting carbon dioxide. In some countries, renewable generation has
already reached grid parity, where their generation costs are the same or less than that of
conventional power plants. From the perspectives of cost and cleanliness, the penetration rate of
renewable generation is expected to grow further. However, renewable energy depends on environmental
conditions such as weather and wind speed and is often intermittent and uncontrollable. The variable
renewable generation risks destabilizing the energy system. In particular, the demand-supply mismatch
caused by the massive solar integration is called the duck curve problem, and it brings severe cost
increases to supply-side management, such as the more active operation of power plants. To smoothly
integrate renewable energy more and more, promoting the acquisition and utilization of demand-side
flexibility (DSF) is required, which refers to the portion of the demand load that can be shifted,
curtailed, or adjusted from their normal consumption patterns.

With the development of information and communication technology (ICT), local energy systems on the
demand side are becoming more intelligent. Consumers turn into prosumers with a controllable
distributed energy resource (DER) such as renewable generation, a battery system, and controllable
demand. Accordingly, the prosumers can bidirectionally exchange information and electrical energy
with the supply side. The most promising application for the demand side energy system is an energy
management system (EMS) that enables the monitoring, planning, and controlling of various DERs. For
instance, the EMS schedules battery systems and electric vehicles (EVs) as an energy buffer to
effectively use renewable generation. In addition, such controllable demands as appliances and
heating, ventilation, and air conditioning (HVAC) systems can be shifted or reduced following price
signals and user preferences. In this way, the demand side can manage DERs to reduce their system and
electricity costs while maximizing user convenience. However, thermal comfort sensation and the DER’
s characteristics, such as battery degradation effects and uncertainties of demand-supply patterns,
often lead to higher costs and dissatisfaction. Therefore, the EMS must consider such system dynamics
when optimizing operational planning and real-time operation.

On the other hand, the supply side desires to utilize the part of demand-side DERs as DSF to meet the
purpose of the global energy system. A demand response (DR) program is one of the promising solutions
to exploit DSF, organized by the supply side or aggregators. The DR program uses various
signals/requests, including time-varying electricity prices or incentives for demand change. These
signals could encourage the demand-side end users to reduce, shift, or increase their load patterns.
Depending on the types of signals, there are mainly two types of DR programs: price-based DR and
incentive-based DR. Each program has both good points and shortcomings, and an appropriate DR program
should be designed to treat a specific supply-side problem such as the duck cure. Furthermore, the
optimized interaction between the supply and demand sides through the DR and EMS development will
unlock the potential of DSF.

This dissertation presents a system-level energy management methodology for smart energy systems with
DERs, concerning the planning and real-time operation in the demand-side EMS and developing a DR
program to exploit DSF. As for operational planning, a battery degradation-aware operational planning
methodology for a smart energy system is proposed to estimate the system performance and minimize the
system costs. In particular, the state-of-health (SOH) model is introduced to represent the capacity-
fading effect of the battery system caused by the charging/discharging cycle and the battery state-
of-health (SOH) model is introduced to represent the capacity-fading effect of the battery system
caused by the charging/discharging cycle and the battery state-of-charge (SOC) level. This model
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enables quantitatively observing the battery degradation factors and evaluating the system
performance of the operational planning in terms of the battery system cost. The proposed method
formulates the mixed-integer programming (MIP)-based two-stage optimization problem; the first stage
minimizes energy purchase while the second stage minimizes the battery degradation factor with the
constraint of the amount of the energy purchase. The simulation result shows that the proposed method
can reduce the annual battery degradation costs by 14.1% without increasing the energy purchase
compared to the baseline method that does not consider battery degradation. As a result, a better
trade-off between battery degradation and the amount of energy purchased can be obtained.

To realize the real-time operation of DERs to compensate for the renewable fluctuation and reduce
electricity costs, this dissertation proposes a multi-time scale energy management framework for
scheduling a battery system and shiftable appliances with variable renewable generation. The proposed
framework especially integrates the photovoltaic (PV) forecasting model and the accurate-
parameterized equivalent circuit model of the battery system, which enables incorporating the real-
time change of the system state. Moreover, a multi-time scale structure is proposed to reduce
computational complexity without sacrificing the solution quality by considering a mix of fast and
slow system dynamics. The simulation result shows that the proposed framework can reduce electricity
costs by up to 47.5% compared to the five baseline methods. In addition, the proposed framework takes
only 20 seconds of computational time at a maximum, satisfying the computational requirement (< 15
min).

For the real-time operation of DERs, thermal comfort, as well as electricity costs, should be
considered through the heating/cooling system management. This dissertation also proposes a comfort-
aware electrical and thermal energy management framework for the energy system with a controllable
HVAC system. The proposed framework is extended based on the above framework to schedule HVAC systems
for optimal temperature set points. In the proposed framework, the thermal comfort estimation model
based on linear regression techniques predicts the comfortable temperature that maximizes occupancy
thermal comfort. The multi-objective optimization problem is formulated to minimize electricity costs
and maximize thermal comfort simultaneously. The simulation result shows that the proposed framework
can improve the trade-off relationship between electricity costs and thermal comfort. In the case
study, the proposed method can reduce the electricity costs by up to 14.0% within the same comfort
level compared to the baseline.

To meet the grid purposes through exploiting DSF, the optimal design of the DR program is required.
As for the DR program, this dissertation proposes an optimal aggregator’s strategy on the price-
based DR and battery scheduling for improving the duck curve. The hierarchical energy market model is
modeled as a Markov decision process (MDP), which represents the interaction between prosumers, an
aggregator, a wholesale electricity market, and an independent system operator. In this work, the
aggregator learns an optimal strategy using a model-free deep reinforcement learning (DRL) approach
with the MDP model. The obtained strategy can calculate the retail prices to prosumers as a DR
program and the schedule of the aggregator’s battery power station to maximize social welfare,
including the aggregator’s profit, the prosumer’s cost, and the improvement of the duck curve.
Moreover, owing to the model-free DRL approach, the proposed method can capture the complex prosumer
responses to the prices without the detailed privacy information of the prosumers, such as the system
configuration and the prosumer preferences. The simulation result shows that the proposed method with
the carefully designed reward function can reduce the duck curve index, i.e., the standard variation
and the peak-to-average ratio of the net load are reduced by up to 57.1% and 20.8% compared to the
baselines.
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論文審査の結果の要旨 

本論文は需要側調整力の創出に向けたシステムレベルエネルギーマネジメント手法に関する研究成果をまとめたも

のであり、以下の主要な成果を得ている。 

 

1. 蓄電池劣化を抑制する蓄電池の最適運転計画手法の提案 

  需要側調整力の中核をなす蓄電池は、その使用サイクルによって大きく劣化進行速度が異なることが知られてい

る。先行研究では蓄電池の充放電回数を制限することで定性的な蓄電池劣化抑制を実現したが、重要な劣化要因で

ある充電率は考慮されておらず、定量的な評価も行われていなかった。また、蓄電池劣化の定量的評価に広く用い

られている劣化量推定モデルは蓄電池の充電率や運用温度など様々なパラメータを含む非常に複雑な特性を持つた

め最適化問題にそのまま組み込むことは困難であった。本論文では充電率による劣化影響を考慮した制約式と目的

関数を導出し、混合整数計画法として定式化した。計算機実験により、提案手法は蓄電池の劣化を考慮しない手法

に比べて、購入電力量を最小に保ったまま蓄電池劣化を最大14.1%抑制可能であることを示した。 

 

2. オンラインマルチタイムスケールエネルギーマネジメント手法の提案 

  太陽光エネルギーに代表される再生可能エネルギーはクリーンなエネルギー源として知られているが、気象条件

による出力変動が避けられない。需要と供給のバランスを保つためには、発電量予測に基づく蓄電池や家電の統合

的なエネルギーマネジメントが必要不可欠である。本論文では高精度な太陽光発電予測モデルを導入し、予測と最

適化を繰り返すモデル予測制御手法を提案した。また、計算時間の削減に向けて、エネルギーマネジメント問題を

粗粒度で長期間の問題と細粒度で短期間の問題の2つに分解するマルチタイムスケール手法を提案した。計算機実

験より、提案手法は平均20秒程度の計算時間で電気代を最大47.5%削減できることを示した。 

  さらに、空調のエネルギーマネジメントの実現に向けて、提案手法に快適室温推定モデルと建物熱回路モデルを

導入し提案手法を空調向けに拡張した。計算機実験より、提案手法は同程度の快適性を維持しつつ電気代を最大

14.0%削減できることを示した。 

 

3. ダックカーブを改善するダイナミックプライシング及び蓄電池スケジューリング手法の提案 

  太陽光発電導入量の増大につれて、ダックカーブが世界的な問題として知られている。ダックカーブとは、電力

消費から太陽光発電を引いた実質需要が一日の中で大きく変動し、電力網に多大な負荷をもたらす現象である。本

論文では、電力価格のダイナミックプライシングを通じた需要家のデマンドレスポンスと蓄電池の充放電最適化に

基づくダックカーブ改善手法を提案した。需要家の価格に対する反応をモデル化することが困難であるという課題

に対し、本論文では深層強化学習を用いてデータのみからモデルフリーに最適行動を学習し、電力価格と蓄電池充

放電を同時に最適化する。計算機実験より、比較手法に対してダックカーブの指標である実質需要のばらつきを最

大57.1%、平均ピーク比を20.8%改善した。 

 

以上のように、本論文は、エネルギー消費機器の効率的な運用とダイナミックプライシングによるデマンドレス

ポンス実現の両面から需要側調整力を創出するという点において非常に有用であり、柔軟で安定したエネルギーシ

ステムの実現に寄与するものと期待できる。よって、博士(情報科学)の学位論文として価値のあるものと認める。 
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