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Abstract— The agricultural sector must analyze greenhouse
gas emission factors and devise reduction strategies to achieve
carbon neutrality. This study proposes a data collection
platform to monitor and analyze greenhouse gas emissions,
nutrient solution management, and energy consumption in

smart farm environments. The primary greenhouse gas, CO2,
arises from activities like heating, cooling, lighting, ventilation,

and crop respiration. Improper disposal of nutrient solutions
can further harm soil carbon storage and the environment.

Using IoT-based sensors, the platform collects data on
environmental conditions, energy consumption, and nutrient
solution usage. The data is managed on a cloud platform and
analyzed with AI and ML algorithms to predict emissions, assess
energy patterns, and evaluate nutrient solution impacts,
providing optimal management strategies.

By analyzing variables like temperature, humidity, CO:z
concentration, and energy use, this study aims to improve
energy efficiency, reduce emissions, and address environmental
impacts. The platform lays a foundation for sustainable smart
farm operations and carbon-neutral agriculture, with future
research focusing on crop-specific solutions and broader
applications.
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L INTRODUCTION

The agricultural sector is one of the major contributors to
greenhouse gas emissions globally, and its impact on climate
change is increasingly being recognized as a critical issue.
Managing and reducing greenhouse gas emissions from
agriculture has become a key challenge for achieving
sustainable development. Smart farms, as an innovative,
technology-driven agricultural model, have the potential to
address this issue by maximizing agricultural productivity
while minimizing environmental impact. Greenhouse gas
emissions in smart farms primarily stem from energy
consumption activities such as heating, cooling, lighting, and
ventilation, as well as crop respiration. These emissions vary
significantly depending on internal greenhouse environmental
conditions and operational practices[1-3].
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In addition, nutrient solution management plays a crucial
role in smart farm productivity, but excessive disposal of these
solutions can have severe negative environmental impacts.
Discarded nutrient solutions not only reduce the soil's carbon
storage capacity but also pose risks of groundwater and
environmental contamination. To address these issues, there is
a need for technological solutions that monitor the use and
disposal of nutrient solutions in real-time and analyze their
environmental impact. Simultaneously, collecting and
analyzing energy consumption data from systems such as
heating, cooling, lighting, and ventilation is critical for
improving energy efficiency and reducing greenhouse gas
emissions in an integrated manner[4-5].

Against this backdrop, this study aims to design and
implement a platform capable of comprehensively collecting
and analyzing data on greenhouse gas emissions, energy
consumption, and nutrient solution management in smart farm
operations. Using IoT-based sensor technologies, this study
monitors environmental data inside and outside the
greenhouse in real-time, while integrating energy
consumption and nutrient solution disposal data. This data is
stored and analyzed on a cloud-based platform, leveraging
Artificial Intelligence (AI) and Machine Learning (ML)
algorithms to quantify and predict emission factors, and to
propose optimal management strategies that minimize
environmental impact[6].

This study seeks to achieve energy efficiency and resource
optimization in smart farm operations through a data-driven
approach, contributing to reducing greenhouse gas emissions
and minimizing the environmental impacts of nutrient
solution disposal. By doing so, it aims to enhance the
environmental sustainability of smart farms and provide
practical solutions for achieving carbon neutrality in the
agricultural sector. Future research will explore the platform's
expanded applicability across various agricultural domains
and environmental conditions, marking a critical direction for
further development.

II.  OVERVIEW OF THE DATA COLLECTION DEVICE FOR
GREENHOUSE GAS EMISSION FACTORS IN SMART FARMS

Quantitatively analyzing and managing greenhouse gas
emissions in smart farms requires an advanced data collection



device. This section analyzes the major factors contributing to
greenhouse gas emissions and details the design and
components of the data collection device used to measure and
monitor these factors.

A. Analysis of Major Greenhouse Gas Emission Factors

Greenhouse gas emissions in smart farms arise from
various sources. The primary factors contributing to emissions
are as follows:

1. Energy Consumption:

Heating Systems: CO2z emissions are generated from fuel
consumption in heating devices to maintain temperatures
during winter.

Cooling Systems: Increased electricity consumption
occurs due to the operation of cooling devices in summer.

Lighting: Electricity is consumed for supplementary
photosynthesis using LED or HPS lighting systems.

Ventilation Systems: Fans and motors operating for air
circulation contribute to energy consumption.

2. Crop Physiological Activities:

During the respiration process, crops release small
amounts of COz, influencing the gas concentration within the

greenhouse.
3. Nutrient Solution Management:

Improperly managed and discarded nutrient solutions
from crop cultivation can reduce the soil's carbon storage
capacity and cause environmental pollution.

4. External Factors:

External climate conditions (e.g., temperature, humidity,
sunlight intensity) affect the operation of environmental
control systems within the greenhouse, impacting energy
consumption and greenhouse gas emissions.

B. Overview of the Data Collection Device Design

The data collection device, designed to comprehensively
collect and analyze various environmental data in smart farms,
consists of the following components:

1. Sensor Module:
CO 2 Sensor: Measures carbon dioxide concentration
inside the greenhouse in real time.

Temperature/Humidity ~ Sensors: ~ Monitors  basic
environmental conditions to maintain optimal crop growth
environments.

Light Intensity Sensor: Measures lighting intensity to
efficiently manage energy consumption for photosynthesis.

Flow Rate Sensor: Tracks nutrient solution usage and
disposal to minimize resource waste.

2. Communication Module:

LoRa: Wireless communication technology for long-
range, low-power data transmission.

WiFi and Ethernet: High-speed communication for data
synchronization with the cloud server.

RS-485: Industrial-standard wired interface for stable data
transmission.

3. Data Processing and Control Unit:

MCU (Microcontroller Unit): Processes data from sensors
and manages data transmission via communication modules.

Data Refinement Module: Normalizes and filters raw data
to prepare it for analysis.

4. Power Supply Module:

Ensures the continuous operation of the data collection
device with a reliable power supply system.
C. Data Integration and Management

The collected data is centrally managed through the smart
farm's central management system and cloud platform. The
data flow is as follows:

1. Data Collection:

Real-time data is collected by the sensor modules and
transmitted to the MCU.

2. Data Transmission:

Data is sent to the central server via wireless
communication (LoRa, Zigbee) or wired communication (RS-
485, Ethernet).

3. Data Integration:

The cloud platform integrates environmental data

(temperature, humidity, CO 2 concentration) and energy
consumption data (lighting, heating, ventilation, etc.).
4. Data Analysis:

Al and ML algorithms are applied to analyze emission
factors and propose management strategies.

Figure 1 below illustrates the configuration of the data
collection device for greenhouse gas emission factors in smart

farms.
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Fig. 1. Configuration diagram of data collection device for greenhouse gas

emission factors in smart farms.

ITII. SMART FARM DATA ANALYSIS AND EVALUATION OF
GREENHOUSE GAS EMISSION FACTORS

Analyzing the data collected from smart farms to evaluate
greenhouse gas emission factors and energy consumption
patterns is a crucial step toward sustainable operations. This
chapter addresses the data analysis process and the methods
used to quantify greenhouse gas emissions and derive
management strategies based on the analysis.



A. Purpose of Data Analysis
The primary objectives of analyzing data in a smart farm
environment are as follows:

1. Quantification of Greenhouse Gas Emission Factors:

Identify the main factors contributing to CO2 emissions
and quantify the emission levels.

2. Energy Consumption Pattern Analysis:

Analyze energy usage in heating, cooling, lighting, and
ventilation systems to improve efficiency.

3. Evaluation of Nutrient Solution Management Impacts:

Quantitatively assess the reduction in soil carbon storage
capacity and environmental impacts caused by nutrient
solution disposal.

4. Development of Predictive Models:

Utilize Al and machine learning algorithms to predict
greenhouse gas emissions and energy consumption.

5. Proposal of Optimization Strategies:

Support data-driven decision-making to reduce emissions
and optimize energy usage.

B. Data Processing and Preprocessing
1. Data Normalization:

Convert data collected from various sensors into
consistent units. Ensure data quality by addressing missing
values and removing outliers.

2. Data Integration:

Combine diverse datasets such as COz concentration,

energy consumption, and nutrient solution disposal data to
enable comprehensive analysis.

3. Data Visualization:

Use visualization tools (e.g., heatmaps, graphs) to
intuitively interpret data flows and patterns.

C. Analytical Methodology

To effectively analyze data collected from smart farms,
this study employs various analytical methods to evaluate
greenhouse gas emission factors, energy consumption
patterns, and the impacts of nutrient solution disposal. The key
methodologies are outlined below:

1. Descriptive Statistical Analysis

Descriptive statistical analysis is employed to summarize
and understand the overall characteristics of the collected data.
This involves calculating the mean, variance, maximum, and

minimum values of key variables such as CO2 concentration,

temperature, humidity, light intensity, and energy
consumption. These analyses provide foundational insights
for understanding seasonal data distributions and identifying
temporal patterns, offering a comprehensive view of the
critical environmental variables in smart farm operations.

2. Correlation Analysis

Pearson correlation coefficients are used to analyze the
relationships between environmental variables within smart
farms and greenhouse gas emission factors. This method

quantitatively evaluates the impact of environmental factors
such as temperature, humidity, and light intensity on CO-2

emissions and energy consumption. For instance, by
analyzing the effects of temperature increases on heating and
cooling systems, effective environmental management
strategies for emission reduction can be derived. Additionally,
correlations between nutrient solution disposal and its impact
on soil and the environment are evaluated to establish baseline
data for sustainable nutrient solution management.

3. Regression Analysis

Multiple linear regression is conducted to model the
quantitative relationships between greenhouse gas emissions,
energy consumption, and smart farm operational variables.
This approach identifies interactions between environmental
variables such as temperature, humidity, and light intensity

with CO2z emission levels. The results quantify the impact of
energy consumption from specific operations, such as heating
and lighting, on CO2 emissions, providing essential guidance

for optimizing energy usage and reducing emissions within
greenhouses.

4. Al and Machine Learning-Based Analysis

Al and machine learning techniques are applied to predict
greenhouse gas emissions and detect anomalies. Random
Forest models analyze nonlinear relationships between

internal environmental data and COz emissions. Deep learning

techniques, such as multilayer perceptrons (MLP), are utilized
to identify complex data patterns, while Long Short-Term
Memory (LSTM) models are employed for time-series
analysis to predict future emission and energy consumption
levels. Additionally, K-means clustering is used to categorize
data into groups, identifying periods of high and low
emissions to facilitate operational adjustments.

5. Evaluation of Nutrient Solution Disposal Impacts

The impact of nutrient solution disposal on soil and the
environment is quantitatively analyzed using data from flow
rate sensors. These data are utilized to assess changes in soil
carbon storage capacity. Geographic Information Systems
(GIS) are also integrated to visually analyze the effects of
disposed nutrient solutions on surrounding environments,
particularly groundwater and soil. This enables the
development of specific strategies to improve nutrient
solution management and reduce disposal volumes.

6. Utilization of Visualization Tools

Visualization techniques are used to effectively convey the
results of data analysis. Heatmaps are employed to illustrate
the relationships between greenhouse conditions and
greenhouse gas emissions, providing an intuitive
understanding. Line graphs depict changes in energy

consumption and CO2z emissions over time. Pie charts are used
to display nutrient solution usage and disposal ratios, offering
a clear representation of resource utilization. These

visualization tools play a critical role in supporting decision-
making and enhancing the understanding of research findings.

7. Predictive and Optimization Models

Predictive and optimization models are developed to
enhance the operational efficiency of smart farms based on
data analysis results. Al-based models predict future changes



in greenhouse gas emissions and energy consumption and
propose  optimal operational strategies based on
environmental  conditions.  Additionally,  simulations
integrating nutrient solution recycling technologies are
conducted to reduce disposal volumes and increase resource
efficiency. These efforts provide concrete solutions for
achieving carbon neutrality and sustainable agricultural
practices.

This analytical methodology provides a quantitative
evaluation of smart farm operational data, laying the
groundwork for energy optimization and greenhouse gas
emission reduction. It enables data-driven, sustainable smart
farm operations.

import numpy as np

import tensorflow as tf

from tensorflow.keras.models import Sequential

fron tensorflow.keras. layers import LSTM, Dense

timesteps = 10

X_lstn = []

y_Istn = []

for i in range(len(normalized_df) - timesteps):
X_lstn.append(normal ized_df [['temperature’, ‘humidity', ‘eneray_consumption']].ilocli:i+timesteps].values)
y_lstn.append(nornal ized_df['C02'].iloci+tinesteps])

X_lstn = np.array(X_|stn)

y_lstn = np.array(y_|stn)

model = Sequential ([
LSTM(50, activation="relu’, input_shape=(timesteps, 3)),
Dense(1)

1

model . conpi |e(optimizer="adan’, loss="nse')
model . fit(X_Istm, y_Istm, epochs=20, batch_size=16)

predicted_co? = model .predict(X_Istn(-1].reshape(1, tinesteps, 3))
print("Predicted C02:", predicted_co2)

Fig. 2. Development of a prediction model using LSTM model (example).

IV. CONCLUSIONS

This study proposed the design direction for a data
collection and analysis platform capable of quantitatively
analyzing greenhouse gas emission factors, energy
consumption, and the environmental impacts of nutrient
solution management in smart farm operations. The primary
objective of this research was to establish a foundational
technology for real-time collection of key environmental data
within smart farms and to leverage this data to reduce
greenhouse gas emissions and improve operational efficiency.

To achieve this, the platform was designed using IoT-
based sensor modules, low-power communication
technologies (e.g., LoRa, Zigbee), and a cloud-based data
management system. The platform aims to integrate and
analyze greenhouse environmental data (e.g., temperature,
humidity, light intensity), energy consumption data (e.g.,
power usage in heating, cooling, lighting, and ventilation
systems), and nutrient solution usage and disposal data. It is
also designed to utilize Artificial Intelligence (AI) and
Machine Learning (ML) to enable data-driven greenhouse gas
emission predictions and develop optimization strategies.

Although this study represents an early stage of platform
development and does not include implementation or
operational case studies, it offers several key contributions.
First, it proposes a technical framework for systematically
analyzing greenhouse gas emission factors and energy
consumption patterns in smart farm operations. Second, it
evaluates the environmental impacts of nutrient solution

disposal and expands the platform’s applicability by including
management strategies. Third, it discusses the potential of a
data-driven approach to support carbon neutrality and
environmental sustainability in smart farms.

Future research will focus on applying the proposed
platform to actual smart farm environments and using the
collected data to verify its performance and effectiveness.
Additionally, further studies will develop tailored data
analysis and optimization models that consider crop types,
seasonal factors, and regional conditions, as well as expand
the platform to other agricultural sectors, such as livestock
farming.

This research lays the groundwork for data-driven
environmental management and operational optimization in
smart farms and provides meaningful direction for developing
carbon-neutral agricultural technologies.
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