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Chapter 1

Introduction

1.1 Problem

To effectively manage and reduce the carbon footprint of the Haining International Cam-
pus at Zhejiang University, it is critical to present energy consumption and emissions data
in a way that is not only clear and accessible but also engaging and interactive. While the
campus collects data on electricity, water, and gas usage, this information is not currently
visualized in a format that students and faculty can easily understand or interact with.
This lack of intuitive visualization and interactivity limits efforts to raise awareness about
the environmental impact of campus operations, foster a culture of sustainability, and
showcase the effectiveness of emission reduction initiatives.

Furthermore, traditional systems fail to integrate renewable energy sources into their
operations, missing the opportunity to demonstrate how sustainable energy can mitigate
emissions in real-time. Therefore, a robust carbon emissions visualization platform that
incorporates renewable energy systems and interactive features is essential. Such a system
will not only enhance engagement and awareness but also provide a practical showcase
of renewable energy integration, contributing to the campus’s long-term environmental
goals.

1.2 Solution Overview

Our solution is to develop an innovative and interactive resource consumption and envi-
ronmental impact visualization platform powered by renewable energy. This system will
integrate the following key components:

Interactive Resource Flow Visualization: A sand table model with illuminated water
pipes and LED light strips will represent the flow of resources across campus. Water pipes
containing sequins will visually represent water usage patterns, while RGB LED strips
will change colors (green for low, yellow for medium, and red for high) to dynamically
indicate electricity consumption levels across different campus buildings and systems.
Together, these visual elements create an intuitive representation of the campus’s overall
environmental footprint.

Renewable Energy Integration: Functional wind turbines and solar panels will be
incorporated into the system to generate sustainable energy. This energy will power the
visualization and data processing modules, showcasing the practical application of green
energy in real-time.



Interactive Control System: Users will be able to control the visualization elements
and access different data views via a touchscreen panel or mobile app. This interac-
tivity will enhance user engagement and allow users to explore historical and real-time
data trends related to water usage, electricity consumption, gas utilization, and resulting
carbon emissions.

Data Analysis and Prediction System: Advanced data analysis will be implemented
using machine learning models (Long Short-Term Memory and Random Forest) to pro-
cess historical and real-time data across all resource types (water, electricity, and gas).
The system will predict future consumption trends, calculate associated carbon emis-
sions, and support campus decision-making for comprehensive resource management and
environmental impact reduction.

1.3 Visual Aid

The Visual Aid for the project is designed to combine interactive visualization with re-
newable energy integration, providing an engaging and educational experience for users.
The system is built on a sand table model that visually represents the carbon emission
dynamics of the Haining International Campus.

Interactive Resource Flow Visualization: The sand table includes illuminated water
pipes with flowing sequins to represent water consumption and RGB LED strips to rep-
resent electricity usage across various campus sources. The LED indicators dynamically
change color based on emission levels, with green representing low emissions, yellow in-
dicating moderate levels, and red representing high emissions. This visual representation
enables users to intuitively explore and understand carbon emission patterns and their
impact on the campus.

Renewable Energy Integration: Functional wind turbines and solar panels are in-
tegrated into the sand table model to generate renewable energy. These energy sources
power the visualization system, including the water pump system, LED indicators, and
data processing modules. The solar panels store energy in lithium batteries during the
day, while wind turbines provide additional power when wind conditions are favorable.
This integration demonstrates the practical application of sustainable energy sources in
real-time, reinforcing the importance of renewable energy in reducing carbon emissions.
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Figure 1.1: Interactive visualization system with renewable energy integration.



Chapter 2

Design

2.1 Block Diagram

The following block diagram illustrates the overall system architecture, highlighting the
interactions between the four main subsystems: Green Energy, Interactive Control, Car-
bon Emission Visualization, and Data Analysis and Prediction.
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Figure 2.1: Block diagram.

2.2 Physical Design Drawings

2.2.1 Sand Table Design

The physical design shows the layout of the sand table model, including the placement
of:

e Miniature campus buildings and landscape features
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Water pipe channels with sequins representing water usage

RGB LED strips indicating electricity consumption

Solar panels and wind turbines for power generation

Touchscreen interface for user interaction

Control electronics housing

Figure 2.2: Sandtable model of the International Campus

The design follows a representation of the Haining International Campus, with key build-
ings represented by 3D models. Water pipes are arranged to follow actual water distribu-
tion paths, while LED strips are positioned according to the electrical grid layout.

2.2.2 Water Pipeline Visualization System

Our water distribution visualization system is designed to accurately represent the campus
water network shown in the blueprint. Key features include:

e Pipeline Replication: The clear acrylic tubing layout mirrors the actual net-
work topology of the campus, with main distribution lines (15mm diameter) and
secondary lines (10mm diameter) accurately scaled.

e Flow Volume Indication: Variable-speed pumps control sequin flow rates pro-
portionally to actual water consumption data. Areas with higher water usage will
show increased sequin density and movement speed.

e Consumption Zones: The system divides the campus into 8 major consumption
zones corresponding to different functional areas (academic buildings, residential
areas, athletic facilities, etc.), each with independent flow control.

e Leak Detection Demonstration: Special sequin patterns (rapid red sequin bursts)
can be triggered to simulate water leakage events, highlighting the system’s potential
for facilities management applications.



Figure 2.3: Water pipeline layout of the Haining International Campus

e Conservation Visualization: Historical data comparison modes show before/after
scenarios of water conservation initiatives, demonstrating reduced flow in areas
where efficiency measures have been implemented.

The water visualization system integrates with the LED-based electricity visualization
through the central control system, allowing users to observe correlations between water
and electricity usage patterns across different campus zones and time periods.

2.3 Block Design

2.3.1 Green Energy Subsystem
Description and Justification

The Green Energy Subsystem is responsible for harvesting renewable energy from solar
and wind sources, managing power storage, and providing a reliable power supply to the
entire system. This subsystem is critical as it serves the dual purpose of powering the
visualization platform while also demonstrating renewable energy utilization in real-time.
We've selected a combination of solar panels and wind turbines to ensure energy generation
under varying environmental conditions. The solar panels will be the primary energy
source during daylight hours, while the wind turbines will supplement energy production,
especially during cloudy days or at night when wind conditions are favorable.

Interface Definition

e Input: Solar radiation, wind energy
e Output: Regulated 5V DC power to all subsystems

e Control Signals: Battery charge status, power availability indicators



e Communication: 12C interface with the Control Processor for power management
data

Components and Requirements

Solar Array

e Function: Converts sunlight into electrical energy.

Connections: Output connects to the TP4056.

Contribution: Provides a primary source of renewable energy.
¢ Requirements:

— Peak Power Output: 2W

— Output Voltage: 5V DC

— Operating Temperature Range: -40°C to +85°C
— Efficiency: 18%

Verification:

1. Measure open-circuit voltage under standard sunlight conditions (1000W/m?).
2. Measure short-circuit current under standard sunlight conditions.

3. Calculate maximum power output and efficiency using I-V curve measurements.
4

. Test operation across temperature range in environmental chamber.

Wind Turbines
e Function: Converts wind energy into electrical energy.
e Connections: Output connects to the TP4056.
e Contribution: Provides a secondary source of renewable energy.

¢ Requirements:

— Combined Peak Power Output: 1W
— Output Voltage: 5V DC

— Cut-in Wind Speed: 3 m/s

— Rated Wind Speed: 10 m/s

— Survival Wind Speed: 30 m/s

e Verification:

1. Measure output voltage and current at various wind speeds using a wind tunnel.
2. Verify cut-in speed by gradually increasing wind speed from 0 m/s.
3. Measure maximum power output at rated wind speed.

4. Structural integrity test at maximum operational wind speed.
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Li-Ton Battery Charge Management IC (TP4056)

e Function: Provides a complete Constant Current / Constant Voltage (CC/CV)
linear charging solution for a single-cell Lithium-Ion battery.

e Connections:
— Input (Vce Pin 4): Requires a regulated DC input voltage, typically 5V (e.g.,
from USB, AC adapter, or a pre-regulator connected to solar/wind).

— Output (BAT Pin 5): Connects directly to the positive terminal of the single-
cell Li-Ion battery.

— Programming (PROG Pin 2): Sets charge current via an external resistor

(RPROG) to Ground.

— Status Outputs (CHRG Pin 7, STDBY Pin 6): Indicate charging in progress
and charging complete status, typically via LEDs.

— Ground (GND Pin 3): System ground.
— Optional: TEMP Pin 1 for NTC thermistor connection for battery temperature
monitoring. CE Pin 8 for chip enable.

e Contribution: Ensures safe charging of the Li-Ion battery using the CC/CV pro-
file, protects against over-voltage (charges to fixed 4.2V), and provides charge status
indication. Includes thermal regulation to limit charge current if the chip overheats.

¢ Key Specifications:

— Input Voltage (Vec): Nominally 5V DC (Suitable for USB/Adapter input.
Datasheet implies an operating range, e.g., 4V to 8V absolute max, but per-
formance optimized around 5V. Requires stable input).

— Output Charge Voltage (Vbat): Fixed 4.2V (£1% precision).

— Maximum Charge Current (Ibat): Programmable via RPROG resistor, up to
1000mA (1A). (e.g., 1.2kresistor for 1000mA).

— Charging Method: Constant Current / Constant Voltage (CC/CV). No MPPT
capability.

— Charge Termination: Automatically terminates charge when current drops to
1/10th of the programmed value (C/10).

— Features: Thermal regulation, automatic recharge, under-voltage lockout, soft-
start (limits inrush current), low standby current (j2uA from battery when
input power removed), status indicators.

— Efficiency: As a linear charger, efficiency is moderate (approx. Vbat / Vcc)
and heat generation can be significant at higher currents/voltage differentials.
Not specified as a percentage.

e Verification Considerations for TP4056 Stage:

1. Verify correct CC/CV charging phases using a suitable Li-Ion battery and 5V
input.

2. Confirm charge termination occurs at approx. C/10 current level and 4.2V.
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3. Test functionality of CHRG and STDBY status indicators.

4. Measure programmed charge current accuracy based on selected RPROG re-
sistor.

5. If using TEMP pin, verify charge suspension at defined temperature thresholds.

6. Monitor chip temperature under maximum charge current conditions to observe
thermal regulation if applicable.

e System Integration Note: The TP4056 requires a stable input voltage (nominally
5V). Direct connection to variable sources like solar panels or small wind turbines
is generally not recommended without appropriate pre-regulation (e.g., a buck-
boost converter) to provide this stable input and potentially perform MPPT on the
source side.

Microcontroller (STM32F103x8/xB)

e Function: Acts as the programmable core of the energy system. Executes user-
defined firmware to manage peripherals, perform calculations, and make control

decisions based on sensor inputs and system state. Based on the ARM Cortex™-M3
32-bit RISC core.

e Connections (Relevant Peripheral Interfaces from Datasheet):

— Power Supply: VDD (2.0-3.6V Digital Supply), VSS (Ground), VDDA (2.0-
3.6V Analog Supply, =2.4V for ADC use), VSSA (Analog Ground), VBAT
(for RTC and Backup Registers).

— Analog Inputs (ADC): Up to 16 multiplexed channels connected to 2x 12-bit
Analog-to-Digital Converters (ADCs). Used for reading voltages from solar,
wind, battery, and temperature sensors. Input range 0 to VDDA.

— Timers: Up to 7 timers, including general-purpose timers (TIM2/3/4) capable
of Input Capture, Output Compare, and PWM generation (up to 4 channels
each), and an advanced control timer (TIM1) also supporting PWM with com-
plementary outputs. Used for generating PWM signals for power converters.

— General Purpose I/O (GPIO): Up to 80 fast I/O ports (depending on
package). Configurable as input or output (push-pull/open-drain). Many pins
are 5V tolerant. Used for controlling enable pins (e.g., TP4056 CE), driving
status LEDs, and interfacing with simple sensors or switches.

— Communication Interfaces: Includes up to 2x 12C, 3x USART, 2x SPI,
1x USB Full-Speed device, 1x CAN. Used for interfacing with more complex
sensors or for external communication/data logging (if needed in the system).

— Debug Interface: SWD (Serial Wire Debug) and JTAG interfaces for pro-
gramming and debugging.

— Clock Sources: Can use internal RC oscillators (8MHz HSI, 40kHz LSI) or
external crystals/resonators (4-16MHz HSE, 32.768kHz LSE). Includes PLL
for generating higher system clocks (up to 72MHz).

— Reset (NRST): System reset input pin.

e Contributions (Leveraging Datasheet Features):
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Processing Power: 72MHz Cortex-M3 core provides sufficient computational
capability for control algorithms like MPPT and system management logic.

Analog Measurement: Integrated 12-bit ADCs allow direct measurement
of system voltages for monitoring and control. Includes internal temperature
sensor channel.

Precise Control Signals: Flexible Timer peripherals enable generation of
accurate PWM signals required for efficient DC-DC converter control.

Integration: Combines CPU, Flash memory (64/128KB), SRAM (20KB),
ADCs, Timers, and communication interfaces in a single chip, reducing external
component count.

Efficiency: Supports low-power modes (Sleep, Stop, Standby) to minimize
energy consumption when idle. DMA controller allows peripheral-to-memory
transfers without CPU intervention.

¢ Requirements (Key Specifications from Datasheet):

Supply Voltage (VDD, VDDA): 2.0V - 3.6V (ADC requires VDDA = 2.4V).

Operating Temperature: Industrial range -40°C to +85°C (Code 6) or -40°C
to +105°C (Code 7).

Max CPU Frequency: 72 MHz.
ADC Resolution: 12 bits.

ADC Conversion Time: Approx 1lus (plus sampling time, depends on fADC
clock, max 14MHz typical).

GPIO Logic Levels: CMOS and TTL compatible thresholds (see Table 34).
Many pins are 5V tolerant.

Flash Memory: 64KB (x8) or 128KB (xB).
SRAM: 20KB.
ESD Protection: Meets levels specified in Table 32 (e.g., HBM, CDM).

e Verification (Based on Datasheet Parameters):

Verify ADC readings accuracy (offset, gain, linearity) against datasheet speci-
fications (Tables 47, 48) under operating conditions.

Test PWM signal generation accuracy (frequency, duty cycle range, resolution)
based on Timer configuration and clock speed.

Confirm GPIO output voltage levels (VOL, VOH) under expected load condi-
tions meet requirements (Table 35).

Measure current consumption in different operating and low-power modes against
datasheet typical values (Tables 17, 18).

Ensure clock stability and frequency accuracy are within specified limits.

Perform functional tests across the required operating voltage and temperature
range.

If applicable, perform ESD/EMC testing to verify robustness against datasheet
claims.
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PCB Design Schematic
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Figure 2.4: PCB Design Circuit of Green Energy Subsystem

2.3.2 Interactive Control Subsystem
Description and Justification

The Interactive Control Subsystem provides the interface between users and the visual-
ization system. It processes user inputs, manages system operations, and controls the
visualization elements based on data received from the Data Analysis and Prediction
Subsystem.

We’ve chosen a touchscreen interface as the primary user input method due to its intuitive
nature and widespread familiarity. The control processor is based on an ARM architecture
to provide sufficient processing power for handling both the user interface and real-time
control functions while maintaining energy efficiency.

Interface Definition

e Input: User touch gestures, data from Data Analysis Subsystem
e Output: Control signals to Visualization Subsystem, display information to user

e Control Signals: Command signals to water pump system, LED controllers, and
actuators

e Communication: SPI for touchscreen, I2C for sensors, UART for data exchange
with other subsystems
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Components and Requirements

Touchscreen Interface
e Function: Provides a graphical user interface for system interaction.

Connections: Connected to the Control Processor via SPI.

Contribution: Enables user input and displays system information.
e Requirements:

— Size: 7-inch diagonal
— Resolution: 1024x600 pixels
— Interface: Capacitive multi-touch

— Brightness: 350 c¢d/m?

Verification:

1. Verify display quality through visual inspection of color accuracy and bright-
ness.

2. Test multi-touch functionality with standard gestures.

3. Verify power consumption under varying brightness levels.

Control Processor

e Function: Processes user commands, manages system data, and controls other
subsystems.

e Connections: Connected to Touchscreen Interface, Communication Module, and
subsystem controllers.

e Contribution: Provides the central control and processing for the system.
¢ Requirements:

— Processor: Broadcom BCM2712 (Quad-core ARM Cortex-AT76)
— Clock Speed: 2.4GHz

— RAM: Options from 4GB to 8GB LPDDR4X

— Storage: Micro SD card slot (supports up to 1TB)

— Power Consumption: 3-7W (typical load)

e Verification:

1. Verify real-time control capabilities with timing measurements.
2. Test memory allocation and management under load.
3. Measure power consumption under various processing loads.

4. Verify thermal management under sustained workloads.
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Communication Module
e Function: Enables wireless connectivity for remote monitoring and control.

e Connections: Connected to Control Processor; provides Wi-Fi and Bluetooth in-
terfaces.

¢ Requirements:

— Wi-Fi: IEEE 802.11ac (2.4 GHz and 5 GHz dual-band)
Bluetooth: 5.2 with BLE support
— Ethernet: Gigabit Ethernet (1000BASE-T)

Range: 50m minimum for wireless connections

— Secure communication protocols with hardware acceleration
e Verification:

Measure signal strength and range under various conditions.
Test data transfer rates for different protocols.
Verify security implementation with penetration testing.

Validate power-saving modes functionality.

A .

Test simultaneous operation of multiple wireless interfaces.

Software Flow Chart

e Function: Defines the operational sequence and decision logic for the system’s
software execution.

e Process Flow: The software begins with initialization of the Touchscreen Inter-
face followed by Communication Modules, then enters a main operational loop for
command interpretation and system control.

e Key Components:

— Sequential initialization of hardware interfaces

— User command interpretation process

Touch input processing decision branch

— Parallel execution paths for user interface and system control

Subsystem data acquisition and visualization updating

— Error checking and feedback mechanisms

Program termination procedure
e Control Logic:

1. System initialization establishes hardware communication channels

2. Command interpretation occurs at multiple points in the execution flow

13



3. Decision logic routes processing based on input type (touch vs. other com-
mands)

Continuous monitoring loop maintains system responsiveness
Visualization updates occur following subsystem state changes

Error checking validates system operations before proceeding

NS ot

User feedback is provided before returning to input monitoring

Initialize
Touchscreen Interface

!

Initialize
Communication Modules

v

Interpret
User Commmand

Wait for Process Yes Interpret
User Input Touch Input User Commnand
Te I
Interpret Control
User Command Subsystem
l Actuators
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| —————> :
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J
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Visualization

! y

Provide User Error
Feedback Check

Figure 2.5: Software Flow Chart

2.3.3 Carbon Emission Visualization Subsystem
Description and Justification

The Carbon Emission Visualization Subsystem translates data from the analysis system
into engaging visual representations using water pipes full of fluids with sequins and RGB
LED strips. This approach provides a more intuitive representation of resource flow (water
through pipes, electricity through LED patterns) while being more energy efficient and
reliable with fewer moving parts.
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The illuminated water pipes will represent water consumption across campus with flowing
sequins indicating volume and rate of usage. RGB LED strips will display electricity con-
sumption patterns with different colors, creating an intuitive visual metaphor for energy
flow and carbon emissions.

Interface Definition

e Input: Processed data from Control Processor, power from Green Energy Subsys-
tem

e Output: Visual representation via water flow and LED illumination patterns
e Control Signals: Pump speed control, LED color and intensity control

e Communication: SPI and PWM interfaces for precise control of visual elements

Components and Requirements

Visualization Controller
e Function: Processes data and controls the visual display components.

e Connections: Receives data from Control Processor; Connected to LED Driver
and Water Pump Controller.

e Contribution: Translates data into visual representations.
¢ Requirements:
— Processor: Utilizes Raspberry Pi 5’s Broadcom BCM2712 quad-core ARM
Cortex-AT6 processor
— GPU: VideoCore VII (supporting OpenGL ES 3.1, Vulkan 1.2)

— Update Rate: 60 Hz minimum

— PWM Channels: Utilizes Raspberry Pi 5’s hardware PWM (2 channels) +
software-emulated PWM for 20+ channels

— GPIO Pins: 40-pin header supporting multiple interfaces including 12C, SPI,
UART

— Display Interface: Dual HDMI 2.1 supporting up to 4K@Q60Hz
e Verification:

Verify timing accuracy for visualization updates.
Test response to rapid data changes.

Measure processing latency under full load.
Verify error handling for unexpected data inputs.

Test GPU-accelerated rendering performance.

A A

Verify synchronization capabilities across multiple display interfaces.
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LED Control System
e Function: Drives COB LED strips to represent electricity consumption.
e Connections: Controlled by Visualization Controller.
e Contribution: Provides dynamic visual representation of electricity usage.

e Requirements:

LED Type: 3mm COB (Chip on Board) LED strip
— Input Voltage: 5V

— Power Consumption: 7W /meter

— LED Density: 400 LEDs/meter

Strip Dimensions: 3mm width, 2mm thickness

Brightness Control: PWM dimming via Raspberry Pi 5 GPIO

e Verification:

Verify consistent illumination across the full strip length.
Test brightness control accuracy through PWM signals.
Measure power consumption at various brightness levels.

Verify thermal management during extended operation.

A e

Test compatibility with Raspberry Pi 5 power supply capabilities.

Water Flow System
e Function: Controls water flow with sequins to represent water consumption.
e Connections: Controlled by Visualization Controller via Raspberry Pi 5 GPIO.
e Contribution: Provides dynamic visual representation of water usage.
¢ Requirements:

— Pump Type: JT-DC3W-5 submersible pump
— Voltage: 5V DC

— Current: 0.18A

Power: 0.91W

Lift Height: 0.55m

— Flow Rate: 100L/h (1.67L/min)

— Starting Voltage: 1V

— Waterproof Rating: P68

— Dimensions: 42.6mm x 23.9mm X 22.71mm

— Pipe Material: Clear acrylic

— Pipe Diameter: 8mm (matching pump outlet)

16



— Sequins: Reflective, 3mm diameter
Verification:

Verify pump control precision using PWM from Raspberry Pi 5.
Test water circulation system for leaks under pressure.

Measure power consumption at various flow rates.

Verify sequin movement visibility under various lighting conditions.

Test compatibility with 5V Raspberry Pi 5 power supply.

A A e

Verify pump performance under continuous operation.

Sandbox System (Physical Model)

Function: Provides the physical foundation for the visualization.
Connections: Houses all visualization components.

Contribution: Provides a tangible and intuitive representation of campus.
Requirements:

— Dimensions: 100cm x 100cm x 10cm

— Material: Durable, lightweight composite
Verification:

1. Test structural integrity under full component installation.
2. Verify accessibility for maintenance.

3. Validate visibility of all visualization elements from normal viewing angles.

Circuit Designs and Calculations

LED Power Calculation:

LED Type: 3mm COB (Chip on Board) LED strip

LED Density: 400 LEDs/meter

Input Voltage: 5V

Power Consumption: 7W /meter (as specified in component requirements)

Total LED strip length: 10 meters

Total LED power: 10m x 7W/m = 70W

Total current at 5V: I = é = % = 14A maximum

With typical usage pattern (30% brightness average): 7T0W x 0.3 = 21W typical

Typical current at 5V: [ = % =4.2A
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Water Pump Power Calculation:

Pump Type: JT-DC3W-5 submersible pump
Voltage: 5V DC

Current: 0.18A

Power: 0.91W

Flow Rate: 100L/h (1.67L/min)

Total pump power: 0.91W

Total current at 5V: 0.18A

Display Power Calculation:

Display model: NHD-7.0-800480FT-CSXV-CTP 7”7 touchscreen
Typical power consumption: 2.5W

Current at 5V: [ = g = % =0.5A4

Control System Power Calculation:

Processor: Raspberry Pi 5 with Broadcom BCM2712
Power consumption range: 3W-7TW (as specified in requirements)
Typical operating power: 5W

Current at 5V: [ = § = %—“A,/ =1A

Total System Power Budget:

LED System: 21W typical, 70W maximum

Water Pump System: 0.91W

Display: 2.5W

Control System: 5W

Miscellaneous components (sensors, drivers): 1.5W estimated

Total typical power consumption: 21W + 0.91W + 25W + 5W + 1.5W =
30.91W

Maximum power consumption: 70W + 0.91W + 2.5W + 7W + 1.5W = 81.91W
Total typical current at 5V: 30.91W = 5V = 6.18A

Maximum current at 5V: 81.91W = 5V = 16.38A
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2.3.4 Data Analysis and Prediction Subsystem
Description and Justification

The Data Analysis and Prediction Subsystem processes raw consumption data, calculates
carbon emissions, and implements machine learning models to predict future trends. This
subsystem is critical for transforming raw data into meaningful insights that drive the
visualization and inform campus sustainability decisions.

We've selected a combination of LSTM (Long Short-Term Memory) and Random Forest
algorithms for our predictive models based on their proven effectiveness with time-series
data and ability to capture both long-term patterns and short-term fluctuations in energy
consumption [1I 2].

Interface Definition

e Input: Raw data from campus energy management systems, environmental sensors
e Output: Processed data for visualization, predictive analytics, anomaly detection
e Control Signals: Model selection parameters, training triggers

e Communication: TCP/IP for data acquisition, REST API for data exchange with
Control Processor

Components and Requirements

Data Pre-processing Module

e Function: Cleans, normalizes, and prepares raw data for analysis.

Connections: Receives data from campus systems; outputs to Data Storage and
Analysis Engine.

Contribution: Ensures data quality and consistency for accurate analysis.
¢ Requirements:

— Data Sources: Electricity, water, gas consumption, weather data

Sampling Rate: 1-hour intervals
— Missing Data Handling: Interpolation algorithms
Outlier Detection: Statistical methods

Verification:

1. Verify data integrity after processing with known test datasets.
2. Measure processing speed for typical data volumes.
3. Test handling of various anomalous data conditions.

4. Validate consistency of normalization across different data types.
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Data Storage

e Function: Maintains historical and processed data for analysis.

Connections: Interfaces with all Data Analysis components.

Contribution: Provides persistent storage and retrieval capabilities.

Requirements:

— Storage Capacity: 100GB minimum

— Database: Time-series optimized

Query Performance: 500ms for typical queries

Data Retention: Minimum 2 years of historical data

Verification:

1. Benchmark read/write performance under various loads.
2. Test data integrity after power interruption.
3. Verify backup and recovery procedures.

4. Validate query performance for complex analytical operations.

Carbon Emission Calculation Module

e Function: Converts resource consumption data into carbon emission metrics.

Connections: Receives data from Data Pre-processing; outputs to Visualization
Controller.

Contribution: Provides standardized carbon footprint measurements.

Requirements:

— Calculation Methodologies: GHG Protocol compliant [3]
— Emission Factors: Updated quarterly
— Accuracy: £5% compared to manual calculations

— Output Units: kg CO4 equivalent

Verification:

1. Verify calculation accuracy using standard reference datasets.
2. Test calculation precision with varying input data granularity.
3. Validate methodology compliance with established standards.

4. Measure calculation performance under full system load.
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LSTM/Random Forest Prediction Module
e Function: Implements machine learning algorithms for predictive analytics.

e Connections: Receives data from Data Storage; outputs to Visualization Con-
troller.

e Contribution: Provides predictive insights for future emissions and anomaly de-
tection.

¢ Requirements:

— Prediction Horizon: 1 day, 1 week, 1 month
— Accuracy: MAPE 15% for day-ahead, 25% for week-ahead
Training Frequency: Weekly retraining

— Model Persistence: Versioned storage of trained models

e Verification:

1. Validate prediction accuracy using historical data with known outcomes.
2. Benchmark training performance on standard hardware.
3. Test model adaptation to seasonal pattern changes.

4. Verify anomaly detection capabilities with simulated anomalies.

Software Architecture and Algorithms

ALGORITHM PredictionPipeline

INPUT: HistoricalData, PredictionHorizon
OUTPUT: ProcessedPredictions

// Data preprocessing stage
PreprocessedData <- Preprocess(HistoricalData)

// Feature extraction stage
Features <- ExtractFeatures(PreprocessedData)

// Model selection based on prediction timeframe
IF PredictionHorizon <= 24 HOURS THEN

Model <- LoadModel ("LSTM_ShortTerm")
ELSE

Model <- LoadModel ("RandomForest_LongTerm")
END IF

// Generate predictions using selected model
Predictions <- Model.Predict (Features)

// Apply post-processing to raw predictions
ProcessedPredictions <- Postprocess(Predictions)

RETURN ProcessedPredictions

END ALGORITHM

Listing 2.1: Pseudocode for prediction pipeline
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2.4 Tolerance Analysis

Critical Component: LSTM /Random Forest Prediction Module

The prediction accuracy of our machine learning models is the most critical aspect re-
quiring tolerance analysis, as it directly affects the validity of the visualization and the
usefulness of the system for campus decision-making.

Mathematical Model:

Prediction Error = f(Data Quality, Model Complexity, Training Frequency, External Factors)
(2.1)

Where:
e Data Quality is affected by sampling rate, sensor accuracy, and preprocessing
e Model Complexity is determined by hyperparameters and architecture
e Training Frequency affects model adaptation to changing patterns
e External Factors include unexpected events, weather anomalies, etc.
Tolerance Requirements:
e Prediction Mean Absolute Percentage Error (MAPE): 15% for day-ahead
e Model Training Time: {4 hours on target hardware
e Feature Importance Stability: 10% variance between training cycles
e Input Data Frequency: 15 £+ 5 minutes
Analysis:

1. Data Quality Impact: Our analysis shows that sensor accuracy has the most sig-
nificant impact on prediction error. A 1% improvement in sensor accuracy translates
to approximately 1.3% improvement in prediction accuracy.

2. Hyperparameter Sensitivity: Testing across hyperparameter ranges reveals that
prediction accuracy is most sensitive to:

e LSTM: Number of layers (£5% MAPE per layer) and dropout rate (+3%
MAPE per 0.1 change)

e Random Forest: Number of trees (£2% MAPE per 50 trees) and maximum
depth (+£1.5% MAPE per 5 levels)

3. Training Frequency Requirements: Statistical analysis of model drift shows
that weekly retraining is sufficient to maintain accuracy targets, with model degra-
dation of approximately 0.5% MAPE per day without retraining.

4. Error Propagation:

2 2

_ 2 2
Jprediction = Odata + O model + O external (22)

Where each variance component contributes to the overall prediction variance.
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Verification Plan:
1. Implement cross-validation with historical data to validate model robustness
2. Perform sensitivity analysis across all hyperparameters
3. Test prediction accuracy with artificially degraded input data
4. Benchmark against simple baseline models (e.g., moving average)

Conclusion: Based on our tolerance analysis, we've determined that with proper sen-
sor calibration (+2% accuracy), optimized hyperparameters, and weekly retraining, we
can achieve our target prediction accuracy of j15% MAPE for day-ahead predictions.
The system design accommodates these requirements by implementing automated model
validation and retraining procedures.

23



Chapter 3

Cost Analysis

3.1 Bill of Materials (BOM)
3.2 Labor Costs
3.3 Grand Total
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Table 3.1: Bill of Materials

Category Component Part Num- Qty Unit Total
ber/Descrip- (%) (%)
tion

6*Green En- Solar Panel Custom 10W So- 1 10.00 10.00

ergy lar Panel

Wind Turbine Gen- Mini Wind Tur- 1 20.00  20.00

erator bine Model

Lithium Battery 'TP4056 Module 1 1.00 1.00

Charging Module

Lithium Battery 18650 (Self- 1 0.00 0.00
provided)

Battery Holder 18650 Single Slot 1 0.50 0.50
Holder

Rectifier Diode 1N4007 Diode 2 0.10 0.20

T*Interactive Microcontroller STM32F103C8T6 1 3.00 3.00

Control Board (Single-Chip Mi-
crocontroller)

LCD Display LCD1602 Module 1 5.00 5.00
(with 16P header
and 10K poten-
tiometer)
USB Step-up Mod- 5V USB Boost 1 2.00 2.00
ule Converter Mod-
ule
PCB for Control Sys- Custom  4-layer 2 1.50 3.00
tem PCB
Wi-Fi/BT  Micro- ESP32-WROOM- 1 8.00 8.00
controller 32 (Single-Chip
Microcontroller)
Display Monitor 14-inch LCD 1 100.00 100.00
Monitor

5*Visualization Acrylic Tubing Clear Acrylic 10  1.00 10.00
Tubing  (15mm
OD, 2m length)

RGB LED Strip WS2812B, 60 5 10.00  50.00
LED/m, 5m roll

Water Pump 12V DC Sub- 4 2.00 8.00
mersible  Pump
(2L/min)

LED Driver Circuit  Custom PCB for 3 10.00  30.00
LED Control

Reflective Sequins Smm Diameter, 1000 0.01 10.00
Mixed Colors

3*Data Analy- Raspberry Pi Raspberry Pi 4 1 75.00  75.00

sis Model B (8GB
RAM)

Current Sensor ACST712 Hall Ef- 8 4.50 36.00
fect Sensor (30A)
Cloud Server Alibaba  Cloud 50  1.50 75.00
GPU ecs.gn’i-
C%gl 2xlarge
Total Component Cost 719.70




Table 3.2: Labor Costs

Task Hours Rate ($/hour) Cost ($)
System Design 80 3.00 240.00
PCB Design & Fabrication 40 3.00 120.00
ML Model Development 60 3.00 180.00
Mechanical Construction 50 3.00 150.00
System Integration 40 3.00 120.00
Testing & Calibration 30 3.00 90.00
Documentation 20 3.00 60.00
Front-End Interface Development 20 3.00 60.00
Total Labor Cost 340 1,020.00

Table 3.3: Grand Total Cost
Category Cost ($)

Components 719.70
Labor 1,020.00

Grand Total 1,739.70
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Chapter 4

Schedule

Table 4.1: Project Schedule

Week Tasks Team
Member
Week 1-2 Finalize component selection and place or- Zhiliang
ders
(Apr 10-23) Setup development environment and version Sicheng
control
Detailed design of sandbox model Kaibiao
Initial software architecture design Zhengqi
Week 3-4 Assembly of Green Energy Subsystem Zhiliang
(Apr 24-May Development of control interface software Sicheng
7)
Construction of sandbox base structure Kaibiao
Data collection and preprocessing pipeline Zhengqi
Week 5-6 Integration of power system with electronics Zhiliang
(May 8-21) Implementation of touchscreen Ul Sicheng
Installation of water pipe system Kaibiao
Initial implementation of ML models Zhengqi
Week 7-8 Development of power monitoring system Zhiliang
(May 22-Jun Control system integration with visualization ~Sicheng
1)
LED installation and programming Kaibiao
ML model training and validation Zhengqi
Week 9-10 System integration testing All
(Jun 5-18) Power efficiency optimization Zhiliang
User interface refinement Sicheng
Visual effects programming Kaibiao
Prediction accuracy refinement Zhengqi
Week 11-12 Full system testing and debugging All

(Jun 19-Jul 2) Final calibration of Green Energy Subsystem Zhiliang

Continued on next page
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Table 4.1 — continued from previous page

Week Tasks Team
Member

User manual documentation Sicheng
Final adjustments to visualization Kaibiao
Refinement of prediction algorithms Zhengqi

Week 13-14 Final integration and system verification All

(Jul 3-16) Prepare demonstration All
Complete project documentation All
Final presentation preparation All
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Chapter 5

Ethics and Safety

5.1 Ethical Considerations

Our project adheres to the IEEE Code of Ethics [4] and is designed with professional
integrity, transparency, and social responsibility in mind. Key ethical considerations
include:

1.

Transparency and Honesty: We are committed to the accurate representation
of energy consumption data and carbon emission metrics. All visualizations and
predictions are derived from validated models and follow standardized methodologies
(GHG Protocol), with clearly communicated limitations and uncertainty margins.

. Environmental Responsibility: Our system aims to promote environmental

awareness and actively demonstrates the integration of renewable energy. By using
solar panels and wind turbines to power the system, we minimize environmental
impact and provide a real-time example of carbon-neutral technology.

. Data Privacy and Security: Although the system collects data on campus re-

source usage, all data is anonymized and aggregated at the building level. That will
prevent identification of individual users’ consumption patterns.

. Accessibility and Inclusivity: The interactive system interface is designed with

universal accessibility in mind. Visual indicators use colorblind-friendly palettes,
and the interface layout follows inclusive design practices to ensure users of all
abilities can engage with the platform.

. Educational Integrity: As an educational tool, the system is grounded in accu-

rate scientific and engineering principles. Users are informed that predictions are
based on models with known confidence intervals, and the system explicitly avoids
overstating certainty.

. Responsible Innovation: The platform does not collect data that can be used

to monitor individual behavior, and its application is limited to educational and
environmental awareness goals. Potential misuse (e.g., surveillance) is addressed by
restricting data granularity and ensuring transparency in system operation.
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5.2 Safety Considerations

Safety has been prioritized in both the design and implementation of our system. Specific
areas of concern and their corresponding safeguards include:

1. Electrical Safety:
o All electrical components operate at low voltages (5V DC or less) to minimize
shock hazards.
e (ircuitry is protected by fuses, overcurrent detection, and thermal monitoring.
e Enclosures are insulated and sealed, and AC connections use GFCI for protec-
tion.

2. Mechanical Safety:

e Pumps and moving parts are fully enclosed to prevent accidental contact.

e The water system includes pressure-relief mechanisms and leak-detection sen-
Sors.

Wind turbines have protective shrouds to prevent access to rotating blades.

All surfaces and edges on the sandbox model are rounded and smoothed to
prevent injury.

3. Laboratory and Operational Safety:

Providing clear documentation of safe operating procedures.

e Emergency shutdown mechanisms are included and clearly labeled.

Fire safety protocols and fire extinguishers are in place near the equipment.

A lab safety manual will be included, detailing operation procedures and emer-
gency actions

4. User Interaction Safety:
e Touch interfaces are powered by low-voltage DC and isolated from higher-power
systems.
e Components that may heat during operation are marked with warning labels.
e The system is programmed to enter a safe idle mode in case of critical faults
or power failure.
5. Maintenance and Inspection:
e Regular inspection schedules will be established, including a short circuit, or a
leaky pipe.

e Diagnostics for real-time component status monitoring are included in the con-
trol system.
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5.3 Summary

Our design aligns with ethical standards and prioritizes safety at all levels—electrical,
mechanical, and operational. It demonstrates responsible engineering, promotes sustain-
ability, and creates an engaging, risk-conscious educational experience. These measures
ensure the system’s effectiveness, long-term use, and trustworthiness as a demonstration
of environmentally responsible technology.
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