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Abstract: This research focuses on optimization of coupled solar production and battery storage system to 

achieve Nearly Zero-Energy Building (nZEBs) based on building load behavior patterns. Monitoring data from 

an office building with 120kW peak and 40kW average load consumption equipped with a 160kW solar 

photovoltaic (PV) system and a 50kW-45kWh energy storage system (ESS). The primary objective is to the 

primary objective is to analyze collected data from existing system and setup guideline to optimize ESS 

capacity to maximize clean energy consumption and thus minimize excess production losses, progressing the 

building toward Nearly ZEB Level 1 status (87.5%-100% energy usage). The study outcome has identified 

parameter impacts and demonstrates additional optimized cases with various PV and ESS installed capacity. 

Further analysis is performed based on working day load profile and appliance patterns. This approach aims 

to learn the usage trends in HVAC, lighting, and electronics, enabling the optimization scheme to be applied 

to buildings with different load patterns. Additionally, the analysis predicts other building behavior patterns 

and optimized clean energy system. The findings are then validated against actual data and the results 

demonstrate good model accuracy, especially daytime prediction. These insights also provide guidelines and 

strategies for further interventions on HVAC operations and adjusting concerned schedules to achieve desired 

ZEB level. 

Keywords: Nearly Zero-Energy Buildings (NZEBs); energy optimization; behavioral energy 

consumption 

 

1. Introduction 

The global push towards sustainable development has placed Zero-Energy Buildings (ZEBs) [1] 

at the forefront of efforts to reduce energy consumption in the built environment. ZEBs [2] are 

designed to produce as much energy as they consume over a given period, typically on an annual 

basis, primarily through on-site renewable energy sources [3]. Achieving such a balance requires the 

integration of advanced energy systems, including photovoltaic (PV) solar panels, energy storage 

solutions, and intelligent energy management systems [4] that collectively contribute to energy self-

sufficiency [5]. 

1.1. Background and Significance 

Energy consumption in buildings accounts for a substantial portion of global energy use, with 

commercial and residential buildings responsible for nearly 40% of total energy demand [6]. This 

high level of consumption underscores the critical need for energy-efficient buildings that can operate 

independently of the grid or minimize their reliance on external energy sources. In this context, ZEBs 
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emerge as a key solution, not only for reducing energy consumption but also for mitigating the 

impact of volatile energy prices and enhancing energy security [7]. 

The building which serves as focal point of this study is a 4,600 square meter office building with 

approximately 2,300 square meter of air conditioned space. The building itself is designed as energy 

efficiency building according to Thailand Building Energy Code regulation an operational office 

building. Locate in northern Thailand with and annual average of 17-19 MJ/m2.day. This building is 

equipped with a 160kW solar photovoltaic (PV) system and a 50kW energy storage system (ESS). 

These systems provide a practical setting for exploring the dynamic interplay between energy 

generation, storage, and consumption within a ZEB framework [8]. The building exemplifies the 

potential of ZEBs to contribute to regional and global energy goals [9], particularly in areas with 

favorable conditions for renewable energy generation. 

Despite the promising potential of ZEBs, achieving and maintaining energy balance in such 

buildings presents several challenges. Energy generation from renewable sources, particularly solar 

PV, is inherently variable and dependent on environmental conditions such as sunlight availability, 

weather patterns, and seasonal changes. Simultaneously, energy consumption in buildings fluctuates 

based on occupant behavior, time of day, and operational demands. These fluctuations necessitate 

the integration of intelligent energy management systems capable of optimizing energy use and 

storage to ensure that energy generation matches or exceeds consumption over time [8–11]. 

1.2. Research Objectives 

The primary objective of this research is to optimize the performance of the building as a ZEB 

by integrating advanced solar energy systems with battery storage and behavioral analysis for 

predictive analysis. This study seeks to explore the following specific goals: 

1. Optimization of Energy Storage Systems (ESS): The research aims to optimize the Energy 

Storage System (ESS) capacity within the building to enhance overall energy efficiency and minimize 

energy losses. This optimization process is closely aligned with the energy performance classification 

system developed by the Guideline for ZEB definition and evaluation by SHASE Japan [12], which 

categorizes buildings into four distinct zones based on energy usage reduction: ZEB Oriented 

Buildings (35%-50%), ZEB Ready (50%-75%), Nearly ZEB Level 2 (75%-87.5%), and Nearly ZEB Level 

1 (87.5%-100%). By simulating various ESS capacities ranging from 0 to 500 kWh, the study seeks to 

identify the optimal capacity that will propel the building towards the highest level of energy 

performance, Nearly ZEB Level 1, where the building becomes nearly self-sufficient with minimal 

energy losses. 

 

Figure 1. Net Zero Energy Classification from the SHASE (The Society of Heating, Air-Conditioning 

and Sanitary Engineers of Japan). 

2. Impact of Solar PV System and Energy Storage Capacity: In addition to optimizing the ESS, 

the study examines the impact of different solar PV system capacities (160, 180, 200, and 250kW) on 

the building’s energy management. The SHASE classification system is also applied here to evaluate 

how varying the PV system size influences the building’s progress through the energy performance 

zones. The goal is to determine the most effective combination of solar PV capacity and ESS that will 

maximize energy efficiency and allow the building to achieve Nearly ZEB Level 1 status. By 
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understanding the interaction between solar generation and storage, the research provides insights 

into how different system configurations can either hinder or advance the building’s journey towards 

optimal energy performance. 

3. Behavioral Analysis: The research aggregates energy consumption data to simulate appliance 

usage patterns based on typical working day behaviors and appliance percentage ratios. This analysis 

aims to uncover critical insights into the consumption patterns of HVAC systems [13], lighting [14], 

and electronic devices [15], thereby enabling targeted energy-saving interventions [16]. 

1.3. Methodological Approach 

To achieve these objectives, the research employs a comprehensive methodological approach 

that integrates simulation, predictive analysis, and behavioral modeling [17]. The study begins with 

a detailed analysis of the existing energy systems within the building, focusing on identifying 

inefficiencies and potential areas for optimization. This analysis serves as the foundation for a series 

of simulations aimed at exploring the impact of varying ESS capacities and solar PV system sizes [18] 

on the building’s energy balance. 

The behavioral analysis of energy consumption breaks down the data into specific contributions 

from HVAC systems [19], lighting [20], and electronic devices [21–23]. By simulating appliance usage 

patterns based on typical working day behaviors, the research provides a detailed understanding of 

the building’s energy consumption dynamics. These simulation results are then validated against 

actual energy consumption data, ensuring both accuracy and reliability. 

The study also incorporates the SHASE classification system to evaluate the building’s energy 

performance across different zones. This classification provides a clear framework for assessing the 

building’s progress towards achieving Nearly ZEB Level 1 status and identifies key areas for further 

improvement [24]. 

1.4. Significance of the Study 

This research significantly contributes to the growing body of knowledge on Zero-Energy Buildings 

(ZEBs) by offering valuable insights into the optimization of energy systems. The findings are 

expected to inform the design and management of future ZEBs, particularly in regions with similar 

climatic and environmental conditions. By demonstrating the effectiveness of integrating solar 

photovoltaic (PV) systems, energy storage systems (ESS), and Behavioral usage patterns, the research 

highlights the potential for ZEBs to achieve high levels of energy efficiency and self-sufficiency. 

Moreover, this study underscores the importance of behavioral analysis in understanding and 

managing energy consumption within buildings. By analyzing the contributions of various 

appliances based on their percentage usage ratios, the research provides critical insights into how 

specific appliances, such as HVAC systems, lighting, and electronics, contribute to overall energy 

consumption. The results are particularly relevant for building managers, engineers, and 

policymakers aiming to optimize energy use and reduce the environmental impact of buildings. 

2. Material and Methods 

2.1. Case Study Building 

The ERDI Chiangmai building, functioning as an office facility of 100kW Size, is equipped with 

a 160kW solar photovoltaic (PV) system and a 50kW-45kWh energy storage system (ESS) intended to 

meet its energy demands sustainably as illustrated in Figure 2 and 3. 
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Figure 2. The ERDI building is equipped with two 30kW solar systems and one 100kW system (using 

GCL 380W panels), along with a 45-kWh energy storage system to support its energy consumption of 

approximately 100 kW. This setup enables the building to efficiently utilize renewable energy sources. 

 

Figure 3. The figure (a) shows a 45 kWh Li-ion (LFP) battery energy storage system with a Power 

Conversion System (PCS) and Rack BMS. 

Despite this setup, significant energy losses have been identified within the current solar 

generation and storage system, hindering the building’s progression toward Nearly Zero-Energy 

Building (ZEB) Level 1 status. 

This building aims to address these energy inefficiencies through comprehensive analysis and 

optimization strategies under the Sustainable Green Energy Management System program. The 

project also incorporates advancements in IoT-enabled transformers and collected data energy 

management from private application shown in Figure 4. 

 

Figure 4. The ERDI Data Monitoring Application. 
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2.2. Problem Formulation 

The primary objectives of this study are: 

1. Quantify and Analyze Energy Losses: Identify and evaluate the magnitude and causes of energy 

losses within the current 160kW Solar PV and 50kW ESS configuration. 

2. Optimize Energy Storage Capacity: Determine the optimal ESS capacity between 0 to 500 kWh 

that minimizes energy losses and maximizes efficiency under existing operational conditions. 

3. Assess Impact of Varying PV Capacities: Explore how different solar PV capacities (160kW, 

180kW, 200kW, and 250kW) affect overall energy performance and contribute to reducing 

energy losses. 

4. Analyze Behavioral Energy Consumption Patterns: Focus on typical office building behaviors 

and grouped appliance percentage ratios to dissect energy usage patterns. Develop targeted 

interventions for key systems such as HVAC, lighting, and electronics to further enhance energy 

efficiency. 

By systematically addressing these objectives, the research seeks to develop effective strategies 

for reducing energy losses, optimizing renewable energy utilization, and advancing the ERDI 

Chiangmai building toward achieving Nearly ZEB Level 1 status. The findings are expected to 

contribute valuable insights into sustainable energy management practices applicable to similar 

office buildings and contexts. 

2.3. Data Preparation 

To facilitate this analysis, an extensive dataset was collected over a 6-month period from the 

ERDI Chiangmai building, encompassing comprehensive operational data of the current energy 

systems as shown in Figure 5. 

 

Figure 5. The flowchart illustrates a comprehensive data processing workflow for analyzing building 

energy systems,. 

2.4. Method 

Algorithm 1: Simulation Solar System and ESS Storage Capacity 

Optimization 
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• Prepare Current Data of total energy consumption of 

building, 

160kW Solar system and 50kW ESS. 

• Calculate Unutilized Solar Energy 

• Select a range of potential solar size, 160 

(Ref),180,200,250kW. 

• Select a range of potential ESS storage capacities, 

0–500kWh with increments of 25kWh. 

• Simulation System and Evaluate Performance by Zone 

 

Figure 6. The figure compares daily data between real energy consumption (blue line) with net 

energy consumption (pink line) from November 1, 2023, to April 30, 2024. The real energy 

consumption remains consistently positive, indicating total energy use, while the pink line in the 

figure represents the net energy consumption for a system with a 160kW solar array and a 50 kW 

energy storage system (ESS) shows more variability, sometimes dipping below zero, suggesting that 

energy generation exceeded consumption on certain days. The dashed gray line represents the zero-

energy baseline for reference. 

Unutilized Solar Energy (%) Calculation 

Step 1: Identify Net Energy Demand 

Calculate the net energy demand at each time step: 
𝑬𝒏𝒆𝒕 =  𝑬𝒄𝒐𝒏𝒔𝒖𝒎𝒑𝒕𝒊𝒐𝒏 − 𝑬𝒔𝒐𝒍𝒂𝒓 

Where: 

• 𝑬𝒄𝒐𝒏𝒔𝒖𝒎𝒑𝒕𝒊𝒐𝒏 is the energy consumed by the building. 

• 𝑬𝒔𝒐𝒍𝒂𝒓 is the energy generated by the solar PV system. 

If 𝑬_𝒏𝒆𝒕  is negative, it indicates that the solar system is generating more energy than the 

building consumes. 

Step 2: Charge the Energy Storage System (ESS) 

If 𝑬_𝒏𝒆𝒕 is negative and the ESS has available capacity, the excess solar energy can be used to 

charge the ESS: 
𝑬𝒄𝒉𝒂𝒓𝒈𝒆 = 𝐦𝐢 𝐧(|𝑬𝒏𝒆𝒕|, 𝑪𝑬𝑺𝑺 − 𝑪𝒄𝒖𝒓𝒓𝒆𝒏𝒕) 

Where: 

• 𝑬𝒄𝒉𝒂𝒓𝒈𝒆 is the amount of energy used to charge the ESS. 

• 𝑪𝑬𝑺𝑺 is the total capacity of the ESS. 

• 𝑪𝒄𝒖𝒓𝒓𝒆𝒏𝒕 is the current charge level of the ESS. 
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This step ensures that any excess solar energy is stored in the ESS until it reaches its capacity 

limit. 

Step 3: Calculate Unutilized Solar Energy 

Unutilized solar energy is the portion of excess solar energy that cannot be stored in the ESS: 
𝑬𝒖𝒏𝒖𝒕𝒊𝒍𝒊𝒛𝒆𝒅 =  |𝑬𝒏𝒆𝒕| − 𝑬𝒄𝒉𝒂𝒓𝒈𝒆 

This value represents the energy that is generated but not utilized by the building or stored in 

the ESS. 

Step 4: Sum Across Time 

Perform the above calculations for each time step (e.g., hourly or daily) and sum up the 

unutilized solar energy over the entire period: 

𝜮𝑬𝒖𝒏𝒖𝒕𝒊𝒍𝒊𝒛𝒆𝒅 

Step 5: Calculate Unutilized Solar Energy (%) 

Finally, calculate the percentage of unutilized solar energy relative to the total solar energy 

generated: 

𝑼𝒏𝒖𝒕𝒊𝒍𝒊𝒛𝒆𝒅 𝑺𝒐𝒍𝒂𝒓 𝑬𝒏𝒆𝒓𝒈𝒚 (%) =  (
𝜮𝑬𝒖𝒏𝒖𝒕𝒊𝒍𝒊𝒛𝒆𝒅

𝜮𝑬𝒔𝒐𝒍𝒂𝒓

) ×  𝟏𝟎𝟎 

Where: 

• ∑𝑬𝒔𝒐𝒍𝒂𝒓 is the total solar energy generated over the entire period. 

In the second step of the method, the data presented in the table were collected from the energy 

usage behavior of appliances within the ERDI building at Chiang Mai University. The data collection 

process involved monitoring the usage patterns of various appliances during different time periods, 

categorized into working hours and non-working hours, both during the day and night. The total 

energy consumption was analyzed by breaking it down into individual appliance contributions, such 

as HVAC systems, lighting, and electronics, based on predefined percentage ratios derived from 

historical data. The following table summarizes the behavior of each appliance group and their 

respective ratios of total energy consumption during working hours in the office building. 

Algorithm 2: Behavioral Analysis and Appliance Ratio Method 

• Record typical building behaviors (e.g., working hours, 

occupancy). 

• Classify appliances (HVAC, lighting, electronics) and Assign 

percentage ratios to each category based on historical data. 

• Break down total energy consumption into individual 

appliances based on predefined ratios. 

• Generate usage patterns for each appliance category 

reflecting behavior and ratios. 

Additionally, Simulate Nightly Energy Usage in the building to understand how energy is 

consumed during non-working hours. Use this simulation to assess the effectiveness of the current 

ESS and explore optimization strategies. By analyzing the simulated nightly energy consumption 

patterns, identify the optimal ESS capacity that minimizes energy waste and maximizes energy 

efficiency, ensuring the building meets its Nearly ZEB Level 1 targets. 

3. Results 

This section presents the results of the simulation and analysis performed on the ERDI 

Chiangmai building’s energy performance, focusing on the optimization of the solar PV system and 

energy storage system (ESS), as well as the analysis based on behavior and appliance ratios. 

3.1. Unutilized Solar Energy 
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Unutilized Solar Energy is the portion of solar energy that is generated but not utilized by the 

building. This occurs when the energy generated by the solar PV system exceeds the building’s 

consumption, and the excess energy cannot be stored in the ESS due to capacity limitations as clearly 

shown in Figure 7. 

  
(a) (b) 

Figure 7. The graphs provided Unutilized Solar Energy over the period from November 1, 2023, to 

April 30, 2024. The two key figures—Daily Sum Comparison of Net Energy Consumption and Real 

Energy Consumption (a) , and Unutilized Solar Energy—offer insights into the building’s energy 

performance (b). 

3.2. Energy Performance by Solar PV and ESS Capacity 

Current Position in ZEB Zones: With the existing 160kW solar PV system and 50kWh ESS, the 

building achieves an energy usage reduction that places it within the ZEB Ready zone (50%-75% 

energy reduction). The current setup does not yet reach the Nearly ZEB Level 1 zone (87.5%-100%) 

described in Figure 8. 

 

Figure 8. The graph illustrates the energy usage reduction percentages and unutilized solar energy 

for the current system, which includes a 160kW solar PV capacity and an ESS capacity of 50kWh. The 

building achieves an energy usage reduction that places it within the ZEB Ready zone (50%-75% 

energy reduction). 

ESS Capacity Enhancement: Increasing the ESS capacity beyond 50kWh could potentially reduce 

the percentage of unutilized solar energy, pushing the building’s performance closer to the Nearly 

ZEB Level 1 zone. For instance, moving from 50kWh to 150-200 kWh could reduce unutilized solar 

energy significantly while also increasing the total energy reduction percentage. 

3.3. Comparative Simulation of Enhanced Solar PV Systems 

The simulation was conducted across a range of solar PV capacities (180kW, 200kW, 250kW) and 

ESS storage capacities (0kWh to 500kWh, in increments of 25kWh) as demonstrated in Figure 9. The 

primary metrics analyzed included energy efficiency, unutilized solar energy, and alignment with 

the Nearly Zero-Energy Building (ZEB) performance zones defined by the SHASE Japan. 
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(a) (b) 

 
(c) 

Figure 9. The series of graphs presented show the impact of varying solar PV capacities 180kW (a), 

200kW (b), and 250kW (c)) on energy usage reduction and unutilized solar energy percentages, 

considering different ESS storage capacities ranging from 0 to 500kWh. The performance is evaluated 

according to the ZEB zones defined by the SHASE Japan. 

Trends Observed Across Different Solar PV Capacities 

• General Observation: Across all configurations, as ESS storage capacity increases, the total 

energy usage reduction also increases, while the percentage of unutilized solar energy 

decreases. The movement from ZEB Oriented Building (35%-50%) to Nearly ZEB Level 1 

(87.5%-100%) zones indicate progressive improvements in energy efficiency as both solar PV 

and ESS capacities increase. 

• 160kW Solar PV System: Increasing the ESS capacity beyond 50kWh could potentially reduce 

the percentage of unutilized solar energy, pushing the building’s performance closer to the 

Nearly ZEB Level 1 zone but the current setup does not yet reach the Nearly ZEB Level 1 zone 

(87.5%-100%). 

• 180kW Solar PV System: The energy usage reduction shows improvement compared to the 

160kW system, advancing further into the ZEB Ready zone. However, it still falls short of 

achieving the Nearly ZEB Level 1 zone (87.5%-100%), indicating that while performance has 

improved, additional enhancements in either ESS capacity or PV system size are required to 

reach the highest energy efficiency levels. Unutilized solar energy decreases faster as ESS 

capacity increases, indicating better alignment between generation and storage. 
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• 200kW Solar PV System: The total energy reduction begins to reach the Nearly ZEB Level 1 

zone at ESS capacities around 275kWh. There is a consistent decrease in unutilized solar energy, 

making the system significantly more efficient at utilizing the generated solar energy. This 

configuration represents a more balanced approach, improving both energy efficiency and solar 

energy utilization compared to lower-capacity systems. 

• 250kW Solar PV System: The 250kW system is the most efficient in terms of energy usage 

reduction, achieving Nearly ZEB Level 1 at ESS capacities starting from 175 kWh. Unutilized 

solar energy is minimized more effectively, even at lower ESS capacities, making this 

configuration potentially the most balanced and optimal for maximizing energy efficiency and 

solar energy utilization. 

Key Simulation Insights for Optimization 

 

Figure 10. This figure demonstrates that the 200 kW system reaches the Nearly ZEB Level 1 zone with 

an ESS capacity of approximately 275 kWh, while the 250 kW system achieves Nearly ZEB Level 1 

with an ESS capacity starting from 175 kWh. 

In both cases, unutilized solar energy is effectively minimized, particularly in the 250 kW 

configuration, which optimally balances solar generation with storage capabilities. These findings 

suggest that strategically increasing both solar PV capacity and ESS storage is essential for advancing 

the building towards the Nearly ZEB Level 1 zone, where energy losses are minimized, and energy 

self-sufficiency is maximized. 

This approach should be a primary focus for building managers and energy planners who aim 

to achieve the highest levels of energy efficiency and sustainability in Zero-Energy Buildings. 

Analyze Behavioral Energy Consumption Patterns 

The analysis of total energy consumption involves breaking down the data into contributions 

from individual appliances, such as HVAC systems, lighting, and electronics, based on predefined 

percentage ratios derived from historical data. This method allows us to transform the daily energy 

consumption data into patterns that accurately reflect the energy usage of different appliance groups, 

enabling more targeted energy management strategies. 

Table 1. Group of Appliance Behavior and Ratios on Working day Office Building. 

Group of Appliance   Time Period Behavior 
Ratio of Total 

Consumption 

HVAC 08:00 - 17:00 
 

Gradual rise starting at 08:00 

, peaking during the day. 

60% base, shift during 

13:00-15:30 
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Increased by 40% from 13:00 

to 15:30. 

Indoor Lighting 08:00 - 17:00 
 

Stable during working 

hours. 

5% during 

08:00-17:00 

Indoor Lighting 

(Night) 
19:00 - 06:00 

 

Low usage at night. 0.1% during 19:00-06:00 
 

Outdoor Lighting 

(Night) 
19:00 - 06:00 

 

Consistent usage at night. 0.25% during 19:00-

06:00 
 

Electronics Devices 08:00 - 17:00 
 

Steady usage during the 

day. 
10% during 08:00 - 17:00 

Electronics Devices 

(Night) 
17:00 - 08:00 

 

reduced usage at night. 8% during 17:00 - 08:00 

Others 08:00 - 17:00 
 

Steady usage during the 

day. 
10% during 08:00 - 17:00 

Others (Night) 17:00 - 08:00 
 

Steady usage during the 

night. 
7% during 17:00 - 08:00 

The table above summarizes the behavior and energy consumption ratios of different appliance 

groups within the office building during a typical working day. The data were collected based on 

specific time periods, categorizing usage into daytime working hours and nighttime non-working 

hours. The HVAC system, for example, shows a gradual increase in consumption starting at 08:00 

AM, peaking between 13:00 and 16:00 with a 40% increase in usage. Indoor lighting maintains steady 

usage during working hours, while outdoor lighting and nighttime indoor lighting have minimal 

usage. Electronics and other devices exhibit steady consumption during the day with a slight 

reduction at night. This detailed breakdown is crucial for understanding how different appliances 

contribute to overall energy consumption and for optimizing energy management strategies. 

The graph illustrated in Figure 11 highlights the energy consumption patterns throughout a 

typical working day, with noticeable increases during the late morning and early afternoon, peaking 

around midday. It indicates that energy usage is lowest during the early morning hours and after 

working hours in the evening, consistent with reduced activity in the building during those times. 

This detailed daily pattern is crucial for understanding the building’s energy needs and for 

optimizing energy management strategies as disaggregation shown in Figure 12. 

 

Figure 11. This figure presents the average energy consumption on working days, based on a random 

selection of 12 days. 

Simulate Appliance Patterns form Behavioral Data and Appliance Ratios 
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Figure 12. This figure illustrates the simulated energy consumption patterns of various appliance 

groups within a building based on behavioral data and predefined appliance ratios. 

 

Figure 13. Nightly Building Consumption Patterns Using Appliance Ratios and Behavioral Data from 

Table 2. 

Switch to Nightly Building Consumption Mode Based on Appliance Ratios and Behavioral 

Data 

Table 2. Switch Mode: Group of Appliance Behavior and Ratios on Nightly Building Testing. 

Group of Appliance   Time Period Behavior 
Ratio of Total 

Consumption 

HVAC 00:00 – 18:00 
 

Shut-off at 0:00-08:00 

Gradual rise starting at 08:00 

– 18.00 

10% base during 

08:00-18:00 

HVAC (Night) 18:00 - 23:30 
 

Gradual rise starting at 18:00 
60% base during 

18:00-23.30 

Indoor Lighting  08:00 - 17:00 
 

Low usage at daytime. 
0.1% during 

08:00-17:00 

Indoor Lighting 

(Night) 
17:00 - 01:00 

 

Heavy working usage at 

night. 10% during 17:00-01:00 
 

Outdoor Lighting 

(Night) 
17:00 - 01:00 

 

Heavy usage at 17:00-01:00. 

Low usage at 01:00-07:00. 

 

5% during 17:00-01:00 

1% during 01:00-07:00 
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Electronics Devices 08:00 - 17:00 
 

Steady usage during the 

day. 
10% during 08:00 - 17:00 

Electronics Devices 

(Night) 
17:00 - 08:00 

 

Higher usage at 17:00-20:00. 

peak usage at 20:00-0:00 

12% during 17:00 - 20:00 

20% during 20:00-00:00 

Others 08:00 - 17:00 
 

Steady usage during at 

00:00-17:00. 
10% during 00:00 - 17:00 

Others (Night) 17:00 - 08:00 
 

Higher usage during the 

early night. 
18% during 17:00 - 00:00 

Nightly building consumption patterns using switch to night mode scenario based on appliance 

ratios, behavior, and total consumption data, with an assumed total daily energy consumption of 786 

kWh. This simulation is conducted with the same 160 kW solar system as the basis. By applying the 

predefined appliance ratios and considering typical building behaviors during nighttime hours, the 

simulation models the contribution of different appliances to the overall energy usage at night. This 

analysis helps to understand how energy is distributed among various appliances and identifies 

opportunities for optimizing energy management, particularly in reducing consumption during low-

activity periods. The findings can be used to refine energy strategies, such as adjusting appliance 

operation schedules or enhancing the efficiency of the solar system and energy storage usage during 

the night. 

 

Figure 14. This figure illustrates the energy usage reduction for a building primarily consuming 

energy during night hours, simulated with a 160kW solar system and varying ESS (Energy Storage 

System) capacities. 

The goal is to identify the point at which the building’s energy efficiency reaches the Nearly ZEB 

(Zero Energy Building) Level 1 zone, characterized by an energy reduction of 87.5% to 100%. As 

shown in the graph, the energy reduction percentage increases as the ESS capacity is expanded. The 

transition into the Nearly ZEB Level 1 zone occurs at an ESS capacity of 475 kWh. At this point, the 

energy efficiency of the building has been optimized to a level where nearly all of the solar energy 

generated is utilized effectively, minimizing energy losses and aligning with the Nearly ZEB Level 1 

criteria. This analysis indicates that for a building with substantial night-time energy consumption, a 

160kW solar system paired with a 475kWh ESS is necessary to achieve the highest energy efficiency 

standards. 

4. Conclusions  
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This study provides a comprehensive analysis of how varying solar generation capacities and 

energy storage system (ESS) sizes can impact the energy efficiency and overall performance of Zero-

Energy Buildings (ZEBs). 

 

Figure 15. The contour plot presented in this research illustrates that achieving the Nearly ZEB Level 

1 zone (87.5%-100% energy reduction) is feasible with the right combination of solar PV capacity and 

ESS storage. 

Key findings indicate that larger solar generation capacities, particularly those of 200kW and 

above, paired with appropriately scaled ESS capacities of 275kWh and higher, are essential to 

approach or achieve Nearly ZEB Level 1 status. Specifically, the 200kW system reaches the Nearly 

ZEB Level 1 zone with an ESS capacity of approximately 275kWh, while the 250kW system achieves 

Nearly ZEB Level 1 with an ESS capacity starting from 175kWh. The study also highlights that 

increasing the ESS capacity significantly enhances the building’s ability to reduce energy usage, 

transitioning from ZEB Oriented Building zones to ZEB Ready, and finally to Nearly ZEB Level 1. 

When change mode to night activity behavior of the building has on the energy performance of 

different systems, as demonstrated by the nightly energy usage in a building and the simulated 

appliance patterns. This figure shows how various appliances, such as HVAC systems, lighting, and 

electronics, contribute to the overall energy consumption throughout the night. The HVAC system, 

with its peak consumption during the late evening, plays a crucial role in the building’s energy 

profile, especially in systems designed for nightly operation. Achieving the Nearly ZEB Level 1 zone 

(87.5%-100% energy reduction) of nightly activity, the simulation is entering to Nearly ZEB Level 1 

zone at 475kWh of Solar 160kW (Current System) 

Notably, the building achieves the “Nearly ZEB Level 1” classification (87.5%-100% energy 

reduction) when the ESS capacity reaches higher levels, indicating that sufficient energy storage is 

crucial for maximizing energy efficiency in a building that primarily operates at night. This 

emphasizes the importance of appropriately scaling ESS capacity to meet the specific energy 

demands of different building types and usage patterns, ensuring optimal energy performance and 

progression towards Zero-Energy Building (ZEB) status. 

5. Discussion 

The findings of this research underscore the critical importance of optimizing both solar 

photovoltaic (PV) system capacity and energy storage system (ESS) size to achieve the highest levels 

of energy efficiency in Zero-Energy Buildings (ZEBs). This study offers practical insights into the 

relationship between ESS capacity and energy reduction performance, demonstrating that as the ESS 
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capacity increases, the building’s energy usage reduction significantly improves, moving from the 

ZEB Oriented Building zone (35%-50% energy reduction) to the ZEB Ready zone (50%-75% energy 

reduction), and eventually approaching the Nearly ZEB Level 1 zone (87.5%-100% energy reduction). 

However, achieving Nearly ZEB Level 1 is not solely about technical optimization; it also 

requires careful consideration of cost, feasibility, and financial implications [25]. The deployment of 

larger ESS capacities or more extensive solar PV systems involves significant capital investment. 

Therefore, a comprehensive cost-benefit analysis is essential to determine the financial viability of 

these systems. This includes assessing the payback period or break-even point, where the savings in 

energy costs offset the initial investment. The feasibility of scaling up these systems must also be 

evaluated, considering available space, grid compatibility, and regulatory considerations [26]. 

In practical terms, this means that while a well-sized solar PV system and an adequately scaled 

ESS are essential for reaching Nearly ZEB Level 1, the decision to implement these systems should 

be guided by a detailed financial model. This model should include not only the initial costs but also 

ongoing maintenance expenses, potential incentives or rebates, and the projected energy savings over 

the system’s lifetime [27]. Additionally, factors such as the location of the building, local temperature 

variations, solar intensity, and seasonal changes should be considered for optimization, as these 

elements significantly influence energy generation and consumption patterns [28]. Incorporating 

other types of renewable energy, such as biowaste, could also be explored as an alternative or 

supplementary approach [29]. These renewable sources could complement solar energy, particularly 

in regions where solar intensity varies seasonally, thereby enhancing the overall resilience and 

efficiency of the building’s energy system [30]. 

Moreover, the research emphasizes the importance of tailoring energy strategies to specific 

building behaviors, especially in buildings with distinct day and night energy usage patterns. Future 

work could expand on this by employing Non-Intrusive Load Monitoring (NILM) techniques [31] to 

analyze overall energy consumption at the appliance or system level. This approach would provide 

a more granular understanding of how different behaviors influence energy usage, enabling even 

more precise interventions [32]. 

NILM-based behavioral analysis offers several advantages, including the ability to provide 

detailed insights into the energy consumption patterns of different appliances and systems, which 

can reveal opportunities for further optimization [33]. For example, understanding the exact times 

when HVAC or lighting systems consume the most energy could lead to more effective scheduling 

and control strategies, further reducing energy waste. Integrating NILM data with emerging 

technologies such as AI-driven energy management systems could enable real-time optimization of 

energy consumption, enhancing building performance even further [34,35]. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Acronyms Description 

nZEB  Nearly zero energy building 
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ZEB  Zero energy building 

ESS  Energy Storage System 

HVAC  Heating, ventilation, and air conditioning 

PV   Photovoltaic 

SHASE   The Society of Heating, Air-Conditioning and Sanitary Engineers of Japan 

NILM  Non-Intrusive Load Monitoring 
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