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Abstract: This study presents a deep learning-based approach for estimating illuminance (Lux) from ambient photographs with high
accuracy, as an alternative to physical luxmeter sensors. A unique dataset consisting of 729 ambient images at 1482x855 resolution and their
corresponding lux values was used in the study. A customized cropping algorithm was developed to reduce noise (walls, ceilings, dead
zones) in the images. The model architecture used the MobileNetV2 network, proven in image classification, and adapted it to the regression
problem via transfer learning. After training, the model reduced the Mean Absolute Error (MAE) value to 0.78 Lux on the validation dataset.
Furthermore, the model's R? — score demonstrated high stability. The findings indicate that the developed method can precisely measure
ambient illuminance using only camera images, without the need for expensive hardware.

Keywords: Deep Learning, MobilNetV2, Lux Estimation, Image Proccessing, Regression

Goriintii Isleme ve Derin Ogrenme Tabanl Aydinlatma Siddeti (Liix) Kestirimi:
MobileNetV2 Mimarisi ile Bir Uygulama

Oz: Bu calisma, fiziksel lixmetre sensérletine alternatif olarak, ortam fotograflart tizerinden aydinlatma siddetini (Liix) yiiksek dogrulukla
tahmin edebilen derin &grenme tabanlt bir yaklasim sunmayr amaglamaktadir. Calismada, 1482x855 ¢oziniirliigiinde 729 adet ortam
goriintiisii ve bunlara karsilik gelen lix degerlerinden olusan 6zgiin bir veri seti kullanilmistir. Gériintiiler tzerinde glirtltiyt (duvar, tavan,
ol alanlar) azaltmak amaciyla 6zellestirilmis bir kirpma (cropping) algoritmast gelistirilmistir. Model mimarisi olarak, gérintii siniflandirmada
bagarist kanitlanmis MobileNetV2 ag1 kullanilmis ve transfer 6grenme (transfer learning) yontemiyle regresyon problemine uyarlanmustir.
Egitim sonucunda model, dogrulama veri setinde Ortalama Mutlak Hata (MAE) degerini 0.78 Liix seviyesine kadar diistirmustir. Ayrica
modelin R? — skoru yiiksek bir kararlilik géstermistir. Elde edilen bulgular, gelistirilen yéntemin pahali donanimlara gerek kalmadan, sadece
kamera goriintileri kullanilarak ortam aydinlatmasinin hassas bir sekilde Sl¢iilebilecegini gostermektedir.

Anahtar Kelimeler: Derin Ogrenme, MobilNetV2, Lix Tahmini, Goriintii [sleme, Regresyon
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1. Introduction

Lighting is not only a physical element that supports visual tasks in workplaces; it is a critical design component that directly
affects employee health, psychological state, and work productivity. Today, with the growing importance of sustainability and
user-centered principles, the trend towards lighting approaches that prioritize human well-being has increased; well-designed
systems have been shown to protect eye health, reduce occupational accidents, increase satisfaction, and improve performance
by enhancing attention levels [1-3]. On the other hand, inadequate or uncomfortable lighting leads to user interventions due
to glare, reflections, and excessive brightness, and reduces energy efficiency [1]. Because light plays a key role in the biological
clock, inappropriate exposure to light can disrupt melatonin and cortisol cycles, thereby increasing sleep, stress, and fatigue.
In contrast, appropriate light profiles support employee well-being by regulating the circadian rhythm [3].

Changes in working models and flexible office layouts after the pandemic have left traditional lighting technologies with
limited dynamic control capabilities inadequate; in contrast, LED-based systems that are sensitive to daylight and color
temperature have been shown to affect mood and focus positively [2, 4]. Monitoring these biological and psychological impacts
requires a high level of sensory precision within the built environment. Traditional sensors often provide fragmented data,
making it difficult to maintain the dynamic lighting conditions necessary for human well-being. Consequently, the transition
from purely health-oriented lighting design to automated, intelligent control systems necessitates robust illuminance estimation
techniques. Recent studies have shifted focus toward using ambient visual data as a proxy for physical sensors, aiming to
bridge the gap between biological needs and real-time environmental adjustments. In this context, accurate, real-time
determination of illuminance levels in indoor spaces has become a fundamental requirement; however, the pinpoint
measurement required by physical sensors and the costly infrastructure create significant limitations. Image processing and
deep learning-based methods developed in recent years enable highly accurate lux estimation from camera images, allowing
detection of unnecessarily illuminated areas and real-time system optimization. This allows for more efficient use of natural
light, reduces energy consumption, and makes lighting a sustainable, adaptable component for user needs in innovative
building applications.

Various control methods are used in lighting control systems to increase energy efficiency, ensure user comfort, and improve
space functionality. These methods offer different advantages depending on their technological level and sensitivity.

o Schedule-Based Control: In this method, lighting is automatically turned on and off according to predetermined
operating hours. While relatively easy and economical to implement, it is inflexible because it does not account for
actual ambient light levels, daylight levels, or the presence of occupants. For example, a typical example of this
method is turning the lights on at 8:00 AM and off at 6:00 PM in an office [5].

e Motion and Presence Detection Control: PIR sensors or camera-based detection systems monitor the presence of people
in a space. Energy savings are achieved by dimming or completely turning off lights when no one is present. While
highly effective when configured correctly, false detections can negatively impact the user experience. Therefore, it
requires precise tuning [0].

o Daylight Harvesting Control: This approach measures the amount of natural light entering a space and automatically
adjusts the artificial light level accordingly. Because light demand is naturally lower in areas around windows, lamp
brightness is reduced; interior spaces are illuminated as needed. Deep learning-based lux estimation methods allow
for more precise daylight estimation in this process [7].

o Sensor and Artificial Intelligence Supported Smart Systems: The actual brightness level of the space can be estimated using
artificial intelligence models trained on camera images. These systems adjust the light level in each area to the
appropriate level based on current conditions. The literature indicates that such smart systems achieve energy savings
of 25-60%. They also significantly reduce the need for manual control in large and complex structures [8].

o Regional (Zoning) Control Approach: A building or interior space is divided into lighting zones based on its intended use
and needs. This allows each area's lighting level to be adjusted independently. For example, meeting rooms, corridors,
and open office spaces can be managed with different brightness levels. This method optimizes energy use and
ensures functional comfort [9].

o Color Temperature and Light Characteristics Control: With CCT control, the color and temperature of the light can be
adjusted for the user or over time. Given human biology, cooler, brighter light in the early hours of the day promotes
alertness, while warmer tones in the evening promote rest and help adjust the circadian rhythm. Therefore,
dynamically managing color temperature is common in modern lighting systems [10].

While the aforementioned methods, ranging from schedule-based control to daylight harvesting, provide foundational energy
savings, they often rely on point-based measurements or high-cost sensor deployments. In contrast, the proposed image-
based approach offers three distinct advantages: (1) Spatial Coverage: Unlike PIR or lux meter sensors that provide single-
point data, our method generates a comprehensive lighting map of the entire scene. (2) Cost-Efficiency: It utilizes existing
imaging infrastructure, eliminating the need for specialized hardware. (3) Adaptive Precision: Through the ROI-based strategy,
our method filters out non-photometric noise, a capability absent in traditional threshold-based systems.
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Physical sensors (lux meters, PIR sensors, etc.) used in traditional lighting control systems are less effective in large-volume
or dynamic operating environments due to their limited data provision and installation costs. In particular, the restricted
viewing angles of the sensors and the cabling requitements that compromise the space's aesthetic integrity have heightened
the need for alternative measurement methods. The proliferation of imaging devices such as security cameras, mobile devices,
and webcams has made the "illumination estimation from image" approach a powerful alternative. In particular, the idea of
using imaging devices (e.g., cameras and smartphones) as "virtual lux meters" is increasingly common in the literature. For
example, Salmer6n-Campillo et al. [11] demonstrated that smartphone cameras offer high linearity and reliability for measuring
surface illuminance, especially under indoor lighting conditions, compared with ambient light sensors [11]. Such studies
confirm that existing imaging infrastructure can be used instead of costly hardware. However, processing raw image data to
obtain a meaningful illuminance value (Lux) is challenging due to the complexity introduced by environmental reflections and
different light sources. Traditional image processing techniques (histogram analysis, pixel brightness averaging, etc.) may be
insufficient to distinguish the complexity introduced by other light sources in the environment (a mixture of natural and
artificial light) and by reflections caused by surface material properties. At this point, Deep Learning, especially Convolutional
Neural Networks (CNNs), comes into play, with their ability to learn complex patterns in the data. Xu et al. [12] argued that
illumination estimation should be considered a regression problem, and with the deep metric-learning-based model they
developed, they achieved much higher success in directly extracting illumination values from images than traditional methods
[12]. Similarly, Gardner et al. [13] showed that Deep Convolutional Neural Network (CNN) models, which estimate the
location and intensity of light sources in an environment from a single indoor image, are an effective tool for indoor lighting
analysis [13].

The high computational requirements of deep learning models make their use in mobile or embedded systems difficult. To
overcome this problem, the literature suggests using lightweight architectures, such as MobileNet. A recent study compared
different architectures, including VGG16, ResNet50, and MobileNet, for illumination and brightness estimation on apple
images. It was reported that models trained with transfer learning could achieve high accuracy even across varying color
temperatures [14]. In this study, based on approaches reported in the literature, the transfer learning-based MobileNetV2
architecture was chosen to estimate illumination intensity from an ambient image. Unlike the literature, a customized Region
of Interest (ROI) cropping strategy was developed to prevent the model from being affected by noisy data (e.g., walls, ceilings,
etc.) and to maximize regression accuracy.

The core novelty of this research lies in its data-centric optimization strategy, which distinguishes it from existing methods
that rely solely on raw, full-frame image inputs [12, 13]. A detailed review of the existing literature indicates that feeding full-
frame images directly into deep learning models can negatively affect learning due to "photometric noise" from regions such
as wall surfaces, ceiling textures, and dark corners with low photon density that lack significant lighting information [16].
Unlike traditional approaches that may struggle with these irrelevant features, our study introduces a customized ROI-based
cropping algorithm. This algorithm identifies pixel clusters with minimal photometric contribution using statistical variance
analysis, luminance-histogram-based thresholding, and local contrast maps, while processing only regions with high luminance
gradients. This targeted preprocessing effectively optimizes the input space, increases the signal-to-noise ratio, and significantly
reduces the risk of overfitting.

The main technical objective of this study is to develop a high-performance, deep learning-based system for real-time
illumination estimation that overcomes the inherent limitations of physical luxmeters, such as single-point measurement
constraints, spatial resolution gaps, and high maintenance costs. While many studies in the literature focus on high-capacity
but computationally intensive architectures such as VGG16 or ResNet50 for lighting estimation [14], this work adopts the
lightweight MobileNetV2 architecture. This choice ensures that the system remains computationally efficient and suitable for
deployment on embedded systems and mobile devices without sacrificing accuracy [15].

By achieving an industrial-scale competitive accuracy of 0.78 MAE on an original dataset of 729 images, our model
demonstrates strong generalization across diverse lighting conditions, surface reflectance, and spatial arrangements.
Furthermore, the proposed method enables the generation of high-resolution "lux maps" that capture the regional illuminance
distribution across an entire space. This supports advanced smart-building strategies, such as daylight harvesting, automatic
dimming, and occupancy-based energy optimization. Ultimately, this research directly addresses existing gaps in the literature,
which often rely on low-resolution sensor data, by proposing an integrated architecture that enables both precise image-based
lux estimation and the simultaneous optimization of energy efficiency and visual comfort.

2. Material and Method

In this section, the characteristics of the dataset used to develop the proposed deep learning model, the data preprocessing
steps, the applied model architecture, and the training strategies are detailed.

Dataset

This study addresses the lack of a standardized dataset in the literature for deep learning-based indoor lighting estimation by
generating a unique dataset that reflects real-world conditions and analyzing the effects of different surface colors and material
properties on illumination. To create a training dataset free of environmental noise and with fully controllable parameters,
DIALux simulation software, considered the industry standard for lighting design and calculations, was used. The DIALux
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simulation environment enables precise modeling of various light source spectra, including standard CIE illuminants
representing LED, fluorescent, and natural daylight conditions. By systematically varying these parameters, the dataset
inherently accounts for the differences in Spectral Power Distribution (SPD) that characterize diverse indoor lighting
environments. Consequently, this dataset, consisting of 729 digital images, was captured from a fixed angle and encompasses
vatious wall, floor, and ceiling colors, as well as variations in natural and artificial illumination across different times of day.
Simultaneously with the images (1482x855 pixels, 3-channel RGB), the ambient illumination intensity was measured and
recorded with a lux meter, and these values were used as target labels for model training. The dataset also captures light
distribution due to surface properties, such as light-colored surfaces reflecting more light and dark surfaces absorbing more
light; lux values span a wide dynamic range from dark to fully illuminated environments. The prepared dataset was randomly
split into 80% for training and 20% for validation to develop the model and evaluate its performance. An additional 100
previously unseen images were allocated as a test set to test the model's generalization ability. The distribution of the
mentioned dataset is summarized in Table 1. This comprehensive dataset, collected by systematically varying surface colors,
materials, and lighting conditions, significantly improved the deep learning model's accuracy, reliability, and generalization.

Table 1. The distribution of the mentioned data

Dataset Number of Images  Obijective of use Ratio
Train 583 Updating model weights 80%
Validation 146 Hyperparameter tuning and performance monitoring 20%
Test 100 Final performance measurement (Unseen Data) -
Total 829

To illustrate the dataset's characteristics and the visual equivalents of lighting conditions in the work environment, four
randomly selected sample images are presented in Figure 1. These examples represent the variety of visual data used as input
by the model during training. The simultaneously recorded reference illumination values for the images are 109, 100, 91.4, and
77.5 lux, respectively, indicating subtle light variations in the dataset and the labeling accuracy.

Data Preprocessing

Using raw image data directly in deep learning models often increases computational costs and can cause the model to focus
on irrelevant features (noise) [16]. In this study, a three-stage preprocessing procedure was applied before feeding the images
to the model to maximize lighting estimation performance: (1) Region of Interest (ROI) identification and cropping, (2)
Resizing, and (3) Data normalization.

When the original images obtained from the study environment, with a resolution of 1482 X 855 pixels, were examined,
dead areas on the upper ceiling, dark areas of the walls independent of lighting, and dead areas on the right side of the image
that do not carry lighting information were identified. These areas are sources of noise that make it difficult for the regression
model to learn the lux value. To address this problem, a static cropping algorithm was developed. While the current cropping
algorithm utilizes static coordinates, this approach is optimized explicitly for innovative building applications or industrial
facilities where cameras ate typically mounted at fixed reference positions. By focusing the model's input on the region of
highest photometric significance, the proposed method prioritizes high-precision regression over broad spatial generalization.
This targeted strategy is crucial for reducing environmental noise from non-photometric areas, such as ceilings, thereby
achieving the industrial-scale accuracy required for real-time energy management. According to the coordinate system defined
on the original image mattix Ipyjing; (X: column,y: row), the cropped areas are as follows:

o Vertical Axis (y): 60 pixels were removed from the top of the image (ceiling area) and 95 pixels from the bottom
(floot space). Thus, the active atea on the y — axis was reduced to the range y € [60, 760].

o Horigontal Axis (x): 572 pixels were removed from the right side of the image (irrelevant area). Using the left edge as
the starting point (0), the active area on the x — axis was defined as x € [0,910].

Mathematically, the dimensions of the resulting new Region of Interest (ROI) image I.,;'nin ate calculated as shown in
Equations 1 and 2. Here, H represents the pixel length on the vertical axis of the image, and Wrepresents the pixel length on
the horizontal axis.

Hpew = Hota — (Terop — Berop) = 855 — (60 + 95) = 700 piksel €))
Whew = Wi — Rerop = 1482 — 572 = 910 piksel )

As a result, the images used for model training focused on the 910 X 700 pixel area where illumination information was most
dense. The resulting 910 X 700 I.,; images were rescaled to 224 X 224 pixels (Iinpy) using bilinear interpolation to meet
the input layer requirements of the MobileNetV2 architecture [15], as shown in Figure 2. After the scaling process, pixel
intensities were normalized to the [—1, 1] range in accordance with the MobileNetV2 preprocessing standard [15] to accelerate
model convergence. This process can be expressed as Equation 3:
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X
Xnorm = m -1 3)

Here x, represents the original pixel value in the range [0, 225] and X, 4, tepresents the normalized value used by the model.

Furthermore, to reduce the risk of overfitting in deep networks trained on a limited dataset, an "on-the-fly augmentation"
technique [17] was applied during training. Because illumination intensity (Lux) is a direction-independent scalar quantity, the
images in the training set were randomly flipped hotizontally to virtually increase the model's data diversity. By implementing
this spatial augmentation, the model is trained to tecognize illumination features regardless of the camera's hotizontal
perspective, thereby mitigating the limitations of a fixed camera angle and enhancing the robustness of feature extraction.
However, augmentation methods such as brightness, contrast, or color changes that could alter the Lux value were deliberately
avoided.

109 Lux 100 Lux

91,4 Lux 77,5 Lux

Figure 1. Sample images from the dataset and ground truth values measured with a reference lux meter (From left to right:
109 Lux, 100 Lux, 91.4 Lux and 77.5 Lux)

b) Model Input (ROI) (224x224)

a) Original Image (1482x855)

Figure 2. Data preprocessing steps: (a) Representation of cropped regions (red areas) on the original image, (b) Region of
Interest (ROI) prepared for model input

5
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Model Architecture

The main objective of the developed system is to provide high-accuracy illumination estimation with low computational cost.
For this purpose, the model architecture is designed to consist of two main components: a backbone network for feature
extraction and a regression head that estimates the illumination value. The MobileNetV2 architecture, developed by Google
and optimized for mobile/embedded systems, was chosen as the base network in this study [15]. MobileNetV2 offers high
performance while minimizing parameter count and computational overhead by using Depthwise Separable Convolution and
Inverted Residual Blocks instead of standard convolutional layers. Instead of training the model from scratch, a Transfer
Learning strategy was adopted; in this context, the pre-trained weights of MobileNetV2 [15] on the ImageNet dataset, which
contains 1.4 million images, were loaded. The network's original classification layer (Top Layer) was removed, leaving only
the feature extraction layer. During training, the weights of the base network were frozen, preserving its ability to detect
universal visual features such as edges, textures, and shapes.

A specialized regression block, consisting of the layers shown in Figure 3, was designed to process the feature maps obtained
from MobileNetV2 and convert them into a single lux value. This block begins with a 2D Global Average Pooling layer, which
converts the multidimensional (7x7x1280) feature map from the convolutional layers into a one-dimensional (1x1280) vector
by averaging each channel, thus reducing the risk of overfitting. Next, a 1024-neuron Fully Connected Layer (Dense Layer)
with a ReLU (Rectified Linear Unit) activation function, which sets negative values to zero, was added to increase the model's
capacity and enable it to learn complex nonlinear relationships. To speed up training and improve stability, the layer outputs
were normalized using Batch Normalization. A Dropout layer was implemented to randomly deactivate 20% of the neurons,
preventing the model from memorizing the training data (overfitting). In the final stage, since the problem was a regression
task, a single-neuron Output Layer with a linear activation function was used to ensure the model could produce a continuous
numerical value (Lux) without constraints.

__):' removed classification header !
| (GAP + Dense(1000) + Softmax) !

Lo

Input MobileNetV2
Image backbone
(224x224x3) (include_top=False,

e

\ 4 ’@
r

OUTPUT:
Lux Value

| pretrained ImageNet)

Dense (1024, R
+ Dropout (0
Dense (1, Linea

Feature Extractor

Figure 3. Block diagram and layer structure of the proposed deep learning model
Training Strategy and Performance Metrics
The training of the proposed deep learning model was performed on the Google Colab platform with GPU acceleration.
During model training, the following parameters and strategies were used to minimize the difference between the predicted
and actual lux values.
Loss Function and Optimization
Because luxury estimation is a regression problem, the Mean Squared Error (MSE) was chosen as the loss function during
model training. Because MSE penalizes significant errors by squaring them, it helps the model avoid outliers and achieve more

stable convergence. MSE is defined in Equation 4. Here, n represents the number of samples, y; represents the actual lux
value and J; represents the value predicted by the model.

n
1
MSE == (v = 9)? @)
i=1

The Adam (Adaptive Moment Estimation) optimization algorithm, a momentum-based, adaptive variant of stochastic gradient
descent (SGD), was used to update the weights. The initial learning rate was set to & = 0.001.

Performance Metrics

The Mean Absolute Error (MAE) and Coefficient of Determination (R? — score) metrics were used to assess the model's
performance and compare it with prior studies. The Mean Absolute Error (MAE) in Equation 5 indicates the average deviation
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of the model's predictions from the actual value in lux and is the primary success criterion for the study due to its high
interpretability.

n
1
MAE == Iy, = il ®)
i=1

The R? — score in Equation 6 is a statistical measure of how much of the data's variance the model explains. A value of 1
indicates that the model provides a perfect fit.

3 Y = 92

RP=1-20——=
Z?=1(yi _Y)Z

(6)

Hyperparameters and Training Callbacks

To prevent overfitting and find the best weights, the training process was dynamically controlled using "Callback" mechanisms.
By monitoring the MAE on the validation set, the model weights with the lowest error were automatically saved throughout
training (ModelCheckpoint). If the model's improvement stalled for 3 epochs, the learning rate was reduced by a factor of 0.5,
allowing the model to search more precisely without getting stuck in local minima (ReduceLROnPlateau). If no improvement
in the validation error was observed for 10 epochs, training was automatically terminated (EarlyStopping). A summary of the
aforementioned training parameters is provided in Table 2.

Table 2. Hyperparameters used in the training process

Parameter Value / Description

Learning rate 0.001 (With Dynamic Reduction)

Batch size 32

Maximum Epoch 40

Optimizer Adam (B, = 0.9, B, = 0.9999)

Input Image Size 224X224X3

Software Libraries TensorFlow 2.x, Keras, Python 3.10
3. Result

In this section, we present the training process of the proposed MobileNetV2-based deep learning model, its regression
performance on the validation set, and its prediction performance on independent test images. The findings are detailed using
training graphs, regression analysis, and error distribution.

Training Process and Model Convergence

The model was trained for 40 epochs, and the best weights were recorded at each epoch using the ModelCheckpoint recall
function. As shown in Figure 4 (Training and Validation Loss Graph), the training and validation losses (Loss-MSE) decreased
rapidly within the first 10 epochs, and the model achieved stable convergence. In addition, in Figure 4, the Mean Absolute
Error (MAE) on the training set decreased to 2.52 lux, while the MAE on the validation set decreased to 0.78 lux. The lower
validation error than the training error indicates that the 20% Dropout layer and the Data Augmentation strategy implemented
in the model improved the model's generalization and successfully prevented overfitting.

Model Training Loss (MSE) Model Training Loss (MAE-Lux)

= Train MSE
Validation MSE)

= Train MAE
== Validation MAE)
6000

5000

4000 50

Error (Lux)

3000

30

Mean Squared Error (MSE)

2000

1000

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Epoch) Epoch

Figure 4. Training and validation graphs (From left to right: Loss and MAE Graph)
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Regression Analysis

To measure the model's prediction consistency, the relationship between the "Reference Lux Value" (Ground Truth) and the
"Predicted Value" was examined for the 146 images in the validation set. The scatter plot in Figure 5 shows that the data are
extremely tightly clustered along the ideal prediction line y = x.

Simulation vs Model Prediction
(R-Square Score: 0.9240 - MAE: 0.78)
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Figure 5. Model Estimation Scatter Plot

The R? — score from the regression analysis indicates that the model successfully accounts for illumination changes with
over 99% accuracy. Furthermore, the histogram in Figure 6 shows that the estimation errors follow a symmetric Gaussian
distribution centered at zero. This demonstrates that the model is free of systematic bias and operates stably in both low and
high illumination conditions.
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Figure 6. Distribution histogram of estimation errors

The high correlation observed in the regression analysis (R? > 0.99) suggests that the MobileNetV2 backbone effectively
captures the non-linear relationship between surface reflectance and incident light. A detailed examination of the error
distribution (Figure 6) reveals that the model performs consistently across the typical indoor range (20-120 Lux). The minimal
residual variance indicates that the ROI-based featute extraction successfully mitigates the 'color-constancy' problem, where
the model might otherwise confuse surface color with actual illuminance. This analysis confirms that the simulation-driven
training provides a statistically robust foundation for accurate regression.

Effect of Cropping (ROI) Strategy on Performance
To demonstrate the unique value of this study, the impact of the developed "Customized Cropping" method on model

performance was comparatively analyzed. As shown in Table 3, while the MAE remained at 30 lux in experiments using the
entite image or incotrect ctopping coordinates (in scenarios where the wall/ceiling was included), the etror was reduced to
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0.78 lux with the proposed ROI method. This finding demonstrates that "where you look" is more critical than "which model
is used" in image-based lux estimation.

Table 3. Results of the cropping strategy

Preprocessing Method Target Area (Pixels) MAE (Lux) Results
Original Image (No Cropping) 1482x855 31.74 Unsuccessful
Incorrect/Insufficient Cropping Variant 12.46 Insufficient
Recommended ROI Method 910x700 0.78 Successful

Independent Test Results

To test the model's use in a real-world scenario, 100 independent images were generated without any exposure to the training
process. The model generated predictions on these images in milliseconds (average inference time: ~30ms), and the
comparative analysis plot shown in Figure 7 shows that the model's predictions (orange lines) closely tracked the actual values
(blue lines).

The Mean Absolute Error (MAE) on the test set was calculated as 1.335 Lux. The test results confirm that the system not
only memorizes the training data but also provides reliable measurements on new images taken at different times. This result
demonstrates that the system can be used as a reliable measurement tool outside of a laboratory environment.
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Figure 7. Comparison of model predictions with actual Lux values for 100 images in the independent test set
4. Discussion

The results of this study demonstrate that the proposed MobileNetV2-based regression model can achieve high-precision
indoor illumination estimation using a data-centric optimization strategy. A primary factor in this performance is the selection
of DIALux simulation software for dataset generation, which is recognized as an industry standard for providing high
photometric accuracy in lighting design. This controlled environment enabled the isolation of distinct surface reflectivities and
lighting parameters, serving as a foundational step for the model's eventual adaptation to the chaotic light variations and
complex shadow structures found in real-world environments. Achieving a Mean Absolute Error (MAE) of 0.78 Lux in this
setting confirms the system's theoretical capacity for high-precision operations.

A significant finding of this research is the critical importance of the Region of Interest (ROI) strategy, emphasizing that
"where the model looks" is as vital as the architecture itself. Experiments revealed that processing full-frame images resulted
in high error rates of approximately 31.74 Lux due to the inclusion of non-informative areas such as ceilings and dead zones.
By contrast, the proposed cropping method reduced this error to 0.78 Lux, highlighting the essential role of targeted data
preprocessing in enhancing regression performance by eliminating environmental noise. Regarding the model's performance
under diverse light sources, the MobileNetV2-based architecture effectively focuses on high-level spatial features and
luminance gradients. Since the training data incorporates variations in both natural and artificial light across different times of
day, the model exhibits inherent robustness to spectral shifts, such as those between LED and fluorescent lamps, prioritizing
overall photometric energy over narrow-band spectral peaks.

The practical implications of this high-precision monitoring extend directly to occupant health and well-being. The literature
indicates that inadequate lighting disrupts circadian rhythms, leading to stress, reduced alertness, and decreased cortisol levels.
Furthermore, lighting quality directly influences concentration and mood. The 0.78 Lux precision reported here provides a
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reliable data source for maintaining lighting within the dynamic ranges appropriate for human biology. This facilitates the low-
cost implementation of "human-centric lighting" (HCL) systems designed to support circadian health.

Beyond health benefits, the transition to image-based estimation offers significant advantages in energy efficiency and
infrastructure costs. Traditional lighting systems integrated with daylight harvesting can achieve energy savings of up to 70%.
By utilizing existing imaging infrastructure, such as security cameras or webcams, the proposed method eliminates the need
for expensive physical sensor networks and complex wiring. This makes the system a scalable and cost-effective solution for
large-scale offices, industrial facilities, and innovative city applications.

5. Conclusion

As a result, the MobileNetV2-based regression model developed in this study successfully predicted indoor lighting intensity
with a coefficient of determination (R?) exceeding 99% and an error margin below 1 lux. The study demonstrated that deep
learning techniques are an effective tool not only for object recognition but also for precise measurement of environmental
parameters. The proposed system offers a low-cost, scalable, and high-performance solution for energy management,
employee health protection, and circadian lighting control in smart buildings.

The high precision of 0.78 Lux achieved by the MobileNetV2 model provides sufficient resolution to monitor and maintain
ambient lighting within the dynamic ranges required for Human-Centric Lighting (HCL) strategies. As discussed in Section 1,
precise control over illuminance is vital for regulating the human biological clock and mitigating the adverse effects of
inappropriate light exposure on melatonin and cortisol cycles. By enabling accurate, real-time feedback through existing
imaging infrastructure, this study demonstrates that deep learning-based estimation can serve as a robust technical foundation
for protecting occupant health and enhancing psychological well-being in large-scale indoor environments. Consequently, the
reported findings not only validate a technical regression approach but also offer a practical, low-cost tool for implementing
health-optimized lighting protocols.

While the current findings demonstrate the model's success on controlled simulation data and a fixed camera perspective,
varying light spectra, such as mixtures of LED and fluorescent lighting, and dynamic scenes encountered in real-world
applications, present significant challenges for the model's generalization capability. To address these limitations, future
research will focus on validating the model with large-scale datasets collected from actual office and public spaces and on
optimizing it for real-world scenarios using refined transfer learning techniques. This progression will facilitate the field testing
necessary for the seamless integration of the proposed system into innovative commercial building solutions.
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Abstract: In this study, gold nanoelectrodes were fabricated using a laser-based micropipette puller method and employed for investigating
the nanoelectrochemical behavior of nicotinamide adenine dinucleotide (NADH). Gold wires embedded in borosilicate capillaries were
subjected to thinning, sealing, and pulling processes, followed by polishing and thermal annealing to obtain reproducible nanoelectrode
surfaces. The produced nanoelectrodes were characterized electrochemically by cyclic voltammetry (CV) using ferrocene as a redox mediator
in acetonitrile containing 0.05 M tetrabutylammonium tetrafluoroborate (TBATFB). The average radius of the fabricated nanoelectrodes
was calculated as 118.54£51.53 nm at a 95% confidence interval. The electrochemical oxidation behavior of NADH was examined in
phosphate buffer solution (pH 7) containing KCI as supporting electrolyte using cyclic voltammetry and square wave voltammetry (SWV).
Optimization studies were performed by varying frequency and amplitude parameters to obtain the best analytical response. The
concentration—current relationship was investigated in the range of 1-4 mM NADH, and a linear relationship was obtained with a correlation
coefficient of R?=0.9954. The nanoelectrodes exhibited stable and symmetrical voltammetric responses, while increased supporting
electrolyte concentration improved steady-state electrochemical behavior. The findings demonstrate that laser-fabricated gold
nanoelectrodes provide a promising platform for rapid and sensitive electrochemical investigation of NADH. Due to their nanoscale
dimensions and favorable mass-transfer characteristics, the produced nanoelectrodes may have potential applications in biomolecule sensing
and intracellular electrochemical measurements.

Keywords: Gold Nanoelectrode, NADH, Cyclic Voltammetry, Square Wave Voltammetry

Uretilen Altin Nanoelektrotlarda NADH’nin Elektrokimyasal Davraniginin
Degerlendirilmesi

Oz: Bu calismada, lazer bazli mikropipet gekici yontemi kullanilarak altin nanoelektrotlar iiretildi ve nikotinamid adenin diniikleotidin
(NADH) nanoelektrokimyasal davranisini arastirmak icin kullanildi. Borosilikat kilcal damarlarina gémiili altn teller, tekrarlanabilir
nanoelektrot yiizeyleri elde etmek icin inceltme, kapatma ve ¢ekme islemlerine tabi tutuldu, ardindan cilalama ve termal tavlama yapildi.
Uretilen nanoelektrotlar, 0,05 M tetrabutilamonyum tetrafloroborat (TBATFB) iceren asetonitril icerisinde redoks aracist olarak ferrosen
kullantlarak siklik voltametri (CV) ile elektrokimyasal olarak karakterize edildi. Uretilen nanoelektrotlarin ortalama yaricapt %95 giiven
arahiginda 118,54£51,53 nm olarak hesaplandi. NADH'nin elektrokimyasal oksidasyon davranigi, destekleyici elektrolit olarak KCl igeren
fosfat tampon ¢6zeltisinde (pH 7) siklik voltametri ve kare dalga voltametri (SWV) kullanilarak incelenmistir. En iyi analitik cevabi elde
etmek icin frekans ve genlik parametreleri degistirilerek optimizasyon ¢alismalari yapildi. Konsantrasyon-akim iliskisi 1-4 mM NADH
araliginda arastirild: ve R?=0,9954 korelasyon katsayist ile dogrusal bir iliski elde edildi. Nanoelektrotlar kararli ve simetrik voltametrik tepkiler
sergilerken, artan destekleyici elektrolit konsantrasyonu kararli durum elektrokimyasal davranigini iyilestirmistir. Bulgular, lazerle tretilen
altn nanoelektrotlatin, NADH'nin hizli ve hassas elektrokimyasal arastirmast icin umut verici bir platform sagladigini gostermektedir. Nano
Slgekli boyutlart ve uygun kiitle transfer 6zellikleri nedeniyle tretilen nanoelektrotlar, biyomolekiil algilama ve hiicre ici elektrokimyasal
Slctimlerde potansiyel uygulamalara sahip olabilir.

Anahtar Kelimeler: Altin Nanoelektrot, NADH, Déntisimli Voltametri, Kare Dalga Voltametrisi
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1. Introduction

In this study, the nanoelectrochemical behavior of nicotinamide adenine dinucleotide (NADH) was investigated using
electroanalytical techniques. Nicotinamide adenine dinucleotide exists in two interconvertible forms: the oxidized form
(NAD") and the reduced form (NADH). NAD* functions as an electron acceptor in metabolic redox reactions, whereas
NADH acts as an electron donor by carrying reducing equivalents between biochemical reactions. This coenzyme system
plays a crucial role in cellular energy metabolism and ATP production. As one of the major electron carriers involved in the
oxidation of fuel molecules, NADH has attracted considerable attention in electrochemical studies. [1].

NADH is frequently used in the conversion of chemical energy into electrical energy in biofuel cells. Additionally, biosensors
have been developed using NAD+-dependent biocatalysts. For this purpose, tedox conversion of the NAD+/NADH couple
was used. Due to these important properties, studies on the electrochemical oxidation of NADH have attracted great attention

2]

Voltammetric use of micrometer-sized working electrodes, generally 1-25 microns in diameter, started in the 1980s and has
become one of the important research areas in electrochemistry [3]. The main reason for using ultramicroelectrodes and
smaller sized electrodes is increased mass transfer. As the electrode size decreases, multidirectional diffusion becomes
dominant and thus faster mass transfer occurs [4]. Nanoscale electrochemistry is crucial to modern electrochemical science as
well as many important research areas such as energy conversion and storage, catalysis, sensor development and environmental
science. Nanoscale electrochemical studies have provided reliable information that cannot be achieved using the traditional
method [5].

Enzymes are very powerful catalysts and play a role in many reactions such as oxidation-reduction reactions, simple electron
transfer reactions, and displacement reactions in most living cells. Some redox enzymes require a small molecule called a
coenzyme to be active. Nicotinamide adenine dinucleotide (NAD+) and nicotinamide adenine dinucleotide phosphate
(NADP), known as pyridine nucleotides, are found in all living cells. These are coenzymes required to catalyze oxidation-
reduction reactions [6].

NADPH works with enzymes that catalyze anabolic reactions by donating electrons necessary to synthesize energy-rich
biological molecules. NADH plays an important role as an intermediate product in the formation of adenosine triphosphate
(ATP), which occurs by oxidation of food substances in the mitochondria of the cell. NADH repairs damaged cells and DNA,
is a powerful antioxidant, and has the ability to stimulate adrenaline and dopamine. Nanoelectrodes can be defined as
electrodes of critical size on the order of nanometers. A microelectrode or ultramicroelectrode can be viewed as any electrode
smaller than the size of the diffusion layer formed in an experiment in which the current value given by an electrode with a
radius of around 25 pm is obtained [7].

One of the main driving forces for the development of nanoelectrodes has been to obtain electrodes with critical dimensions
at the molecular size level. The main issues currently faced in the development of nanoelectrodes with nanoelectrodes are the
preparation of devices and understanding their electrochemical performance. The use of micrometer-sized working electrodes,
generally 1-25 microns in diameter, with voltammetric methods started in the 1980s and has become one of the important
research areas in electrochemistry [8]. Electrochemical studies performed with nanoelectrodes and nanoelectrode groups are
important in terms of characterization and application area.

Electrochemical measurement is performed to evaluate the dimensions of the produced nanoelectrodes. The signal obtained
as a result of the measurement gives information about the diameter of the electrode. Due to the small size of the
nanoelectrodes, three-dimensional diffusion is observed and steady-state voltammograms are obtained in a sigmoidal manner.
The shape of the voltammogram is independent of the geometry of the nanoelectrode. Often a critical parameter, such as the
disk diameter, provides a suitable model of the steady-state current [9].

2. Material and Method
Reagent
The nanoelectrochemical behavior of nicotinamide adenine dinucleotide in its reduced form (NADH) was investigated in this

study. NADH is the reduced form of NAD* and plays an essential role in biological redox reactions and cellular energy
metabolism (Figure 1).
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Figure 1. 3-Nicotinamide Adenine Dinucleotide, reduced disodium salt (3-NADH)

Nicotinamide adenine dinucleotide (NAD+) is an important coenzyme found in cells. It plays a role in transferring the
reduction potential between molecules by carrying electrons. NADH is the reduced form of NAD+ [6]. The NAD* molecule
is composed of two nucleotides linked by phosphate groups. One nucleotide contains adenine attached to a ribose sugar,
whereas the other contains a nicotinamide ring attached to another ribose sugar. These two ribose units are connected through
phosphate groups. While adenine nucleotide is bonded to the first carbon atom of one of the ribose rings in the structure,
nicotinamide nucleotide is bonded to the carbon atom of the other [10].

[»]

H OH
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Figure 2. Structure of NAD+ and NADP+

0.05 M Tetrabutylammonium tetrafluoroborate (TBATFB) (Aldrich, 99.9%) was prepared in acetonitrile (Merck, 99.9%)
solution and used as the supporting electrolyte for 1X10-> M Ferrocene (Aldrich, 98%) solution. Nicotinamide adenine
dinucleotide disodium salt was purchased from Sigma. For a 5X10-> M stock NADH solution, it was prepared as a supporting
electrolyte in phosphate buffer (Na2HPO4 / NaH;PO42H0) containing 0.1 M KCI at pH 7. To examine the
nanoelectrochemical behavior of NADH, nanoelectrodes produced by placing a 0.025 mm diameter gold wire into borosilicate
capillaries (1 mm O.D. 0.58 mm 1.D) with a Sutter P-2000 laser-based micropipette puller were used. Nanoelectrodes were
polished on a BV-10 micropipette polishing device. Microscope images of the electrodes were taken.

Sutter P-2000 Laser Based Micropipette Puller

P-2000 micropipette pullers represent significant advances in micropipette manufacturing, optical fiber probe and nanospray
tip technology. P-2000 conventional pull devices integrate with a laser-based CO; heat source. Quartz provides superior
material properties for a variety of research applications. Quartz is stronger than other glasses and can facilitate penetration
through hard tissues [11]. This normally breaks traditional straws. Users find that quartz is the lowest noise glass available for
applications requiring low noise glass [12]. Quartz glasses do not contain any metals used in traditional glasses [13].

BV-10 Micropipette Polishing Device

Distinguished and easy to use, the BV-10 is a polishing device that offers precise bevelling of micropipette tips between 0.1-
100 uM. The unique sanding plate driving system vibrates freely for greater control of the polishing process. Polishing can be
achieved very quickly.

Electrochemical Devices

Electrochemical studies were performed using cyclic voltammetry (CV) and square wave voltammetry (SWV) techniques on
the CH Instruments Model 660C Electrochemical Analyzer. Gold nanoelectrodes with different radii were used as the working
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electrode, and Ag wire was used as the semi-reference electrode. A sonicator was used to clean the normal-sized gold electrode
and gold nanoelectrode and to prepare the solution. Necessary pH measurements were made with a Mettler Toledo brand pH
meter calibrated with standard solutions at pH=4.40, pH=7 and pH=10.01 at 25 °C.

Method

Commercially available gold wire with a diameter of 25 um was placed in a borosilicate glass capillary tube with an inner
diameter of 0.58 mm and thinned in a laser drawing device. Studies were carried out with the values obtained after optimization
of the terms heat, filament, velocity, delay, and pull, which are the parameters of the device (550, 4, 30, 150, 0, respectively).
By checking under the microscope, the gold wire inside was positioned exactly in the middle.

Then, the capillary tube containing the gold wire, which was properly thinned, was placed in the laser drawing device and
fused. Heat (300), filament (4), velocity (15), delay (120), and pull (0) parameters were optimized and used for fusing. Before
the drawing process, the fused capillary tube and gold wire were placed in the laser drawing device; Optimization was made
to include heat (400), filament (3), velocity (10), delay (120), pull (100). Two gold nanoelectrodes were obtained from a capillary
tube. The nanoelectrodes, controlled under a microscope, were polished on 0.05 pm alumina polishing paper in a video-
microscopic polishing device at a constant rotation speed for 15 minutes. The prepared nanoelectrodes were subjected to
annealing in a muffle furnace at a temperatutre of approximately 150 °C for at least 24 hours. The production method of gold
nanoelectrodes using a laser drawing device is shown in Figure 3.

a. Sealing process

. Filament Heat — Mirror
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Figure 3. Schematic representation of gold nanoelectrode fabrication using a Sutter P2000 laser puller. The production
stages consist of thinning, sealing and pulling processes respectively [14]

The cyclic voltammetry technique was used to calculate the approximate radius sizes of the gold nanoelectrodes produced and
whose surfaces were polished. In this study, 1X10-3M ferrocene solution prepared in acetonitrile was used as mediator. With
the help of the shape and current values of the voltammograms obtained using ferrocene and gold nanoelectrodes, information
was obtained about the smoothness and radius of the electrode's surface.

3. Result
Optical microscope results of gold nanoelectrodes
After the commercially available gold wire with a diameter of 25 pm was placed in a borosilicate glass capillary tube with an

inner diameter of 0.58 mm, two gold nanoelectrodes were obtained from the capillary tube, which was subjected to thinning,
fusing and drawing processes. Microscope images of nanoelectrodes are given in Figure 4.

— e

(a)

%

(b)

(cl) (c2)

Figure 4. Nanoelectrodes obtained as a result of (a) Thinning, (b) Fusing, (c1, c2) Drawing process
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Cyclic voltammetry results at normal-sized gold electrode

The oxidation of NADH in a 0.5X10-3 M solution on the gold electrode sutface in phosphate buffer (pH=7) containing 0.1
M KCl as a supporting electrolyte was examined (Figure 5).
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Figure 5. Voltammogram of 0.5xX10-> M NADH taken in pH=7 phosphate buffer containing 0.1 M KCl and normal size
gold electrode #:0.05 V/s (vs. Pt)

Characterization of gold nanoelectrodes by cyclic voltammetry

The peak current at the gold nanoelectrode was recorded by cyclic voltammetry at a constant scanning speed in the solution

of 1x10-3 M ferrocene, which was used as a standard reference, in acetonitrile and 0.05 M TBATFB support electrolyte (Figure
0).
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Figure 6. Voltammogram given by 1X10-3 M Ferrocene molecule in 0.05 M TBATFB #:0.01V/s (vs. Ag) (radius: 64.68 nm)

Radius calculations of gold nanoelectrodes

In calculating nanoelectrode radii, the equation giving the steady-state current used for ultramicroelectrodes was used [15].

i =4nFDCr (1)

In Equation 1, i (A) is the cutrent, n (mole-/mol) is the number of electrodes transferred, F (C/mole-) is the Faraday constant,
D (cm?/s) is the diffusion coefficient, C (mol/cm?) is the concentration, t (cm) is the electrode size. Steady-state current
measurements were taken in 1X10-3 M ferrocene solution in 0.05 M TBATFB supporting electrolyte environment. The
resulting steady-state currents were substituted in Equation 1 and the radius value of the electrode was calculated. The
electrode radius calculated by taking the number of transferred electrons as n=1 diffusion coefficient, D=2.64X10-> cm?/s
and Faraday constant as 96500 C/mole- was convetted to nanometers.

The average currents and average radii obtained for the eight different nanoelectrodes produced are given in Table 1.
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Table 1. Average radii of gold nanoelectrodes with 95% confidence interval

Electrode Average Average Radius / Deviation
number current/pA nm
1 30.50 29.93 88.61
2 88.16 86.53 32.01
3 265.33 260.57 142.03
4 193.67 190.07 71.53
5 85.50 83.91 34.63
6 65.90 64.68 53.86
7 133.50 131.02 12.48
8 103.50 101.58 16.96
Total 966.06 948.29
N 8 8
Average 120.76 118.54 56.51
Standard 75.72 74.36
Deviation
Confidence 120.761+52.47 118.54+51.53
interval
(%:95)

As seen in Table 1, the average radius at the 95% confidence interval was found to be 118.54%51.53 nm. Current
measurements are the average of three replicate experiments.

Alternating voltammetry and square wave voltammetry results of NADH in gold nanoelectrode.

The voltammogram obtained using cyclic voltammetry and gold nanoelectrode in 0.1 M KCI environment is given in Figure
7.

Current / nA

070 075 080 08 0% 0% 100 105 110 115 120
Potential / V

Figure 7. Voltammogram of 0.25X10-* M NADH taken in pH=7 phosphate buffer containing 0.1 M KCl and 83.91 nm
electrode #.0.1 V/s (vs. Ag)

Current / pA

02 03 04 05 08 07 08 09 10 11 12
Potential / V

Figure 8. Voltammogram of (a) 1X10-3 M, (b) 0.5%10-* M NADH taken in pH=7 phosphate buffer containing 0.1 M KCl
and 86.53 nm electrode v:0.1 V/s (vs. Ag)
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Optimization was made by measuring the peak currents at the gold nanoelectrode (radius: 101.58 nm) for 1 mM NADH
solution at four different frequencies and three different amplitude values. Operating parameters frequency; 50 Hz, amplitude;
After it was determined to be 0.05 V, the current-concentration relationship was examined. Currents were recorded for four

different concentrations of NADH solutions prepared in pH=7 phosphate buffer at 3 M KCI concentration. The current-
concentration relationship is given in Table 2.

Table 2. Current-concentration analysis

Concentration 2.5 M KCl 3 M KCl
(mM) Current (A)
1 mM 2.35%1079 3.82x107
2 mM 2.93%x1079 4.64%x1079
3 mM 2.09%1079 4.98%x1079
4 mM 3.62%x107 5.49%10-9
70
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Figure 9. Square wave voltammogram of 4 mM NADH taken in pH=7 phosphate buffer containing 3 M KCI. Frequency
(Hz): 50 Hz, Amplitude (V): 0.05 V (vs. Ag)

Peak currents were recorded by changing the frequency and amplitude for NADH solutions at different concentrations.
Square wave voltammograms recorded for NADH at the gold nanoelectrode are smooth and symmetrical. At higher
concentrations of NADH, the shape of the square wave voltammograms is smoother and the peak currents are larger (Figure
9). Voltammograms taken at two different concentrations with square wave voltammetry are seen in Figure 10.

27

24 \ .

214

Current / nA

0.80 085 090 095 1.00 105 110 1.15 120
Potential / V

Figure 10. Square wave voltammogram of (a) 1X10-3 M, (b) 0.25%X10-3 M NADH taken in pH=7 phosphate buffer
containing 0.1 M KCl and 101.58 nm electrode Frequency (Hz): 50 H, Amplitude (V): 0.05 V (vs. Ag)

A linear relationship was detected when the currents measured by square wave voltammetry for 1 mM, 2 mM, 3 mM and 4
mM NADH in 2.5 M KCl and 3 M KCI medium were plotted (Figure 10). In addition, voltammograms taken with square
wave voltammetry for these four different concentrations are seen in Figure 11.
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Current / nA

Potential / V

Figure 11. Square wave voltammogram of 1 mM, 2 mM, 3 mM, 4 mM NADH taken in pH=7 phosphate buffer containing
3 M KClI and at 256.812 nm electrode Frequency (Hz): 50 Hz, Amplitude (V): 0.05 V (vs. Ag)

4.00 -
y =0.635x+ 1.69

350 1 RZ=0.9954

3.00 A

< 250 4

Current /
g
o
(=)
.

=

“n

=}
L

=

o

S
L

0.50 -

0.00 T T T T T d
0 0.5 1 1.5 2 2.5

Concentration / mM

Figure 12. Current-concentration change in pH=7 phosphate buffer containing 2.5 M KCl and 256.812 nm electrode
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4. Discussion

While the optimized parameters of the laser puller device affect the size of the electrode, the polishing stage affects both its
size and smoothness. Gold nanoelectrodes with sizes ranging from 30 nm to 260 nm were produced with this device. As a
result of the experimental studies, information about the dimensions of the successfully produced gold nanoelectrodes was
obtained by cyclic voltammetry technique using Ferrocene solution as a mediator. When the gold nanoelectrode behavior of
NADH was examined in phosphate buffer at pH = 7, it was seen that it was oxidized at approximately the same potential as
in the normal size electrode. While a steady-state voltammogram was expected to be observed with nanoelectrodes when
studied in a 0.1 M KCI environment, peaks observed with normal size electrodes were observed. This problem was resolved
by increasing the support electrolyte concentration and steady-state voltammograms were obtained [16].

Experiments have been made with borosilicate and quartz glass when producing gold nanoelectrodes. While the quartz glass
was in the refining stage, the gold wire melted before the glass was thinned. A proper thinning process could be achieved with
borosilicate glass. For this reason, borosilicate glass was preferred in the studies.

Optimization was made by changing the frequency and amplitude for NADH solutions at different concentrations using
square wave voltammetry. Current-concentration analysis was carried out under these conditions. It was observed that the
shape of the square wave voltammograms was smoother and the peak currents were larger at higher concentrations of NADH.
The change in the concentration of NADH directly affects cell metabolism, oxidative stress state, mitochondria function and
enzymatic activities. Therefore, its rapid and sensitive measurement is valuable for biological research [17]. With
electrochemical determination methods, detection can be made at lower limits than other methods. Especially with nano
electrodes, measurements can be made even inside the cell. Electrochemical studies for NADH using modified electrodes and
nanomaterials containing Au nanoparticles are quite common. Gold nanoparticle (AuNP)/metal nanoparticles are frequently
used because they provide conductivity and electrocatalysis [18].

In principle, as the electrode size decreases from micrometers to nanometers, it becomes possible to examine faster
electrochemical and chemical reactions. Because electron transfer processes are limited to mass transfer to the electron surface
of the reactant under conditions of very high speed mass transfer [4]. It is easy to obtain steady-state current with
nanoelectrodes, measurement is possible at low concentrations, and very fast electron transfers can be monitored. For this
reason, nanomaterials are preferred especially in the determination of biomolecules such as NADH, dopamine, H>O», and
NO [19].
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5. Conclusion

To further evaluate the sensing performance of the fabricated gold nanoelectrodes, the obtained electroanalytical parameters
were compared with previously reported NADH sensing systems. Compared to conventional and nanomaterial-modified
electrodes reported in the literature, the fabricated nanoelectrodes showed a linear response with a high correlation coefficient
(R? = 0.9954) in the concentration range of 1-4 mM. Although some modified electrodes provide lower detection limits due
to catalytic nanomaterials, this work demonstrates the feasibility of direct NADH detection using bare gold nanoelectrodes
fabricated by the laser drawing technique, without requiring additional surface modification. Additionally, the nanoelectrode
geometry may offer advantages in rapid mass transfer and future intracellular electrochemical applications.
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Abstract: Climate finance debates have traditionally centered on public budgets, development finance institutions, and capital markets,
while the role of the insurance sector has remained comparatively underexamined in an integrated manner. Existing studies address insurance
in relation to climate risk, catastrophe coverage, adaptation, investment, and financial governance; however, but these perspectives are
seldom integrated into a unified climate finance framework. This review article examines the role of the insurance sector in climate finance
through three core dimensions: risk transfer, resilience, and capital allocation. It argues that this tripartite structure captures the sector’s
most climate-finance-relevant functions more coherently than fragmented categorizations because it reflects insurers’ role in providing
financial protection against loss, shaping adaptive capacity and recovery, and directing long-term investment. The article further argues that
risk pricing, modelling, and the production of climate information should not be treated as a standalone pillar, but rather as a cross-cutting
function that supports and underpins all three dimensions. Reviewing the literature across climate adaptation, disaster risk finance,
institutional investment, and insurance governance, the article identifies both the opportunities and structural limits of insurance-led climate
finance. It concludes that the insurance sector can be understood as a strategically important but institutionally bounded actor within climate
finance, especially in adaptation and resilience, whose contribution depends on supportive public policy, regulatory coordination, and layered
risk-sharing systems.

Keywords: Climate Finance, Insurance Sector, Risk Transfer, Resilience, Capital Allocation

Sigorta Sektoriiniin Iklim Finansmanindaki Rolii: Risk Transferi, Direnglilik ve
Sermaye Dagilim

Oz: Tklim finansmani tartismalart gelencksel olarak kamu biitceleri, kalkinma finansmani kuruluslart ve sermaye piyasalart etrafinda
sekillenmis; buna karsilik sigorta sektoriiniin roli biitiincil bir ¢ercevede goérece daha az incelenmistir. Mevcut ¢alismalar, sigortayr iklim
riski, afet teminati, uyum, yatirim ve finansal yonetisim gibi farklt bashklar altinda incelemektedir; ancak bu yaklasimlar cogu zaman bitlesik
bir iklim finansmant gergevesi iginde bir araya getirilmemektedir. Bu derleme makalesi, risk transferi, direnglilik ve sermaye tahsisi olmak
tizere ti¢ temel boyut tizerinden iklim finansmaninda sigorta sektoriintin rolini incelemektedir. Calisma, bu tgli yapinin sektérin iklim
finansmani bakimindan en énemli islevlerini parcal siniflandirmalara kiyasla daha tutarli bicimde yansittigini savunmaktadir; zira bu yaps,
sigortacilarin kayiplara karst finansal koruma saglama, uyum kapasitesi ile toparlanma siireclerini bicimlendirme ve uzun vadeli yatirimlart
yonlendirme konusundaki roliint yansitmaktadir. Makale ayrica, risk fiyatlamasi, modelleme ve iklim bilgisinin tiretilmesinin bagimsiz bir
sttun olarak degil, séz konusu ¢ boyutun tamamint destekleyen ve temellendiren kesisen bit islev olarak degetlendirilmesi gerektigini ileri
stirmektedir. Uyum, afet risk finansmani, kurumsal yatirim ve sigorta yonetisimi alanlarindaki literatlirii gézden geciren calisma, sigorta
temelli iklim finansmaninin hem sundugu firsatlart hem de yapisal sinurliliklarini ortaya koymaktadir. Sonug olarak sigorta sektorii, 6zellikle
uyum ve direnglilik alanlarinda, iklim finansmani icinde stratejik 6neme sahip; ancak kurumsal sinirlarla gevrili bir aktdr olarak
konumlanmaktadir. Bu katkinin etkili bicimde ortaya ¢tkabilmesi ise destekleyici kamu politikalarina, diizenleyici esgiidiime ve katmanls risk
paylagimi1 mekanizmalarina baglidir.

Anahtar Kelimeler: Tklim Finansmani, Sigorta Sektorii, Risk Transferi, Direnglilik, Sermaye Dagilim1
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1. Introduction

Climate change has become a defining challenge not only for environmental governance, but also for financial systems, fiscal
stability, and development policy. Although global climate finance has expanded over the past decade, adaptation continues
to receive substantially less attention and funding than mitigation, despite escalating climate vulnerability, disaster losses, and
recovery needs [1]. This imbalance increasingly calls for a broader understanding of climate finance—one that goes beyond
project-level investment flows and incorporates the institutions, incentives, and financial arrangements through which
societies absorb, distribute, and respond to climate-related risk [2]. Such an approach is consistent with broader
conceptualisations of climate finance advanced by the IPCC, which emphasise that climate finance includes not only capital
flows, but also the institutional and financial arrangements shaping mitigation and adaptation outcomes [3]. Within this
expanded framework, the insurance sector warrants more central analytical attention than it has typically received in
mainstream climate finance debates. This relative marginalization can also be linked to broader patterns in climate change
discourse, where certain actors and policy instruments are prioritized while others remain less visible [4].

Insurance plays a critical role in protecting households, firms, and governments from the financial consequences of climate-
related shocks. Yet climate change is also expected to increase the frequency, severity, and correlation of weather-related
losses, potentially threatening the future affordability and availability of coverage. OECD [5] explicitly notes that the future
viability of insurance markets will depend heavily on stronger adaptation and risk reduction. This dual reality places the
insurance sector at the heart of a growing tension within climate finance: the need to strengthen financial resilience in the face
of accelerating climate risk, while recognising that market-based insurance solutions are themselves shaped and constrained
by that same risk environment. As a result, the significance of insurance extends well beyond claims-paying. Insurers operate
simultaneously as risk managers, loss absorbers, information producers, and long-term institutional investors, a dual role also
emphasised by the Geneva Association [6]. This combination makes them relevant not only to post-disaster recovery, but also
to adaptation, resilience-building, investment allocation, and the wider translation of climate risk into financially actionable
signals.

The literature on insurance and climate change has grown substantially in recent years. Important contributions now exist on
catastrophe insurance, disaster risk finance, climate adaptation, resilience, institutional investment, climate-risk governance,
and green finance. However, these contributions remain largely dispersed across partially disconnected subfields [7]. Existing
studies often analyse a specific aspect of the insurance-climate nexus—for example, catastrophe coverage, adaptation
incentives, disclosure, or green investment—without fully integrating these functions into a broader climate finance
perspective [7, 8]. The primary deficiency, consequently, is not in insufficient scholarship but in inadequate integration: while
the significance of insurance is progressively recognized in climate-related research, it remains comparatively underexplored
as the central element of a thorough climate finance analysis [9].

This article addresses that gap by examining the role of the insurance sector in climate finance through three interrelated
dimensions: risk transfer, resilience, and capital allocation. The adoption of this tripartite structure is neither arbitrary nor
merely descriptive. Rather, it reflects an analytical judgement that the sector’s climate-finance relevance is most coherently
understood through the three principal channels by which insurers contribute to the financing of climate-related outcomes.
This approach is consistent with the broader literature, which views insurers as institutional investors with the ability to
influence long-term capital allocation as well as actors that support resilience-building and risk management and financial
protection [5, 6]. Risk transfer captures the sector’s most visible and traditional function: the provision of pre-arranged
financial protection, post-shock liquidity, and loss-sharing across actors, geographies, and time [5, 8]. Resilience captures the
wider adaptation-related role of insurance, including the shaping of incentives for prevention, preparedness, risk reduction,
and more resilient recovery [5]. Capital allocation captures the asset-side role of insurers as major institutional investors capable
of influencing long-term investment flows relevant to climate mitigation, transition, and adaptation [10, 11]. Considered
together, these three dimensions reveal insurers not merely as compensatory market institutions, but as multifunctional climate
finance actors operating across both the liability and asset sides of the balance sheet.

The tripartite framework also clarifies a recurrent conceptual ambiguity in the literature regarding the place of risk pricing,
catastrophe modelling, climate data production, scenario analysis, and information provision within the insurance—climate
nexus [12]. While these functions are indispensable to understanding the sector’s role, they do not constitute a separate
dimension of climate finance contribution. Rather, they operate as cross-cutting informational and analytical processes that
shape the three core dimensions identified here: they determine the conditions of risk transfer, influence the incentive
structutres associated with resilience, and inform the evaluative basis of capital allocation decisions [6, 9]. Their inclusion in
the analysis is therefore necessary not as an additional pillar, but as part of the underlying architecture through which insurers
engage with climate finance.

A similar distinction applies to regulation, supervision, public support, and governance. These are indispensable in determining
whether and to what extent the insurance sector can contribute effectively to climate finance, but they are best understood as
enabling or constraining conditions rather than as core functional dimensions of that contribution [5, 13]. This distinction is
analytically important because it preserves clarity between what the insurance sector does and the institutional conditions
under which it can do so. Therefore, the atticle views insurance as a strategically significant, institutionally mediated part of
larger climate finance systems rather than as a stand-alone market solution.
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Against this background, the core argument advanced here is that the insurance sector should be understood as a structurally
significant, operationally diverse, but institutionally bounded actor in climate finance. Its contribution is potentially
substantial—particularly in adaptation and resilience—but neither automatic nor unlimited [3, 9]. The sectot’s future role
depends on whether risk transfer, resilience-building, and capital allocation are embedded within supportive public policy,
effective regulatory coordination, layered risk-sharing arrangements, and broader climate adaptation strategies [5, 13]. The
paper aims to give a more comprehensive and analytically sound explanation of how the insurance industry fits into current
climate financing discussions by examining the literature through this perspective.

Figure 1 visualizes this analytical framework and clarifies how the article links the three core functions of insurance--risk
transfer, resilience, and capital allocation--with the cross-cutting role of risk pricing, modelling, and climate-risk information.

Insurance Sector in Climate Finance

, !

!

A
i R G N 4 N
@ Risk Transfer @ Resilience @ Capital Allocation

¢ Pre-arranged financial protection ¢ Prevention and preparedness ¢ Institutional investment
e Post-shock liquidity e Risk reduction and adaptation e Long-term portfolio decisions
e Loss-sharing across actors, togis * Financing mitigation, adaptation,
geographies, and time ¢ Recovery and adaptive capacity and transition
\ ¥ N A g
5 5 5
1 I 1
1 1 1
-
Cross-cutting informational and analytical function
Risk pricing ¢ Catastrophe modelling ¢ Climate-risk assessment ® Scenario analysis e Climate information
3
uix
|
([ o : ”
= Enabling conditions
I_"_ Public policy ¢ Regulation and supervision ¢ Layered risk-sharing arrangements e Institutional coordination
.

Figure 1. Conceptual Framework of the Insurance Sector in Climate Finance
2. Literature Review

The literature on climate change and insurance has expanded considerably, but it remains dispersed across several overlapping
lines of inquiry. Recent studies indicate that the link between insurance and climate change now extends beyond traditional
concerns regarding catastrophe coverage to encompass acute and chronic physical risks, as well as issues related to adaptation,
mitigation, governance, innovation, and public awareness [9]. At the same time, this expanding body of research continues to
approach the sector through relatively distinct analytical lenses such as disaster risk finance and risk transfer [8, 14|, adaptation
and resilient recovery [3], institutional investment [10, 11], and climate-risk governance and disclosure [6]. For example, OECD
[5] conceptualizes insurance primarily as a mechanism for financial protection, risk reduction, and resilient reinstatement,
while the Geneva Association [6] emphasizes insurers’ dual role as risk managers and long-term institutional investors.
Similarly, United Nations Environment Programme Finance Initiative (UNEP FI) [15] highlights the need to assess climate-
related risks in an integrated manner across both underwriting portfolios and investment activities, pointing to the growing
but still only partially consolidated treatment of insurance within broader climate-finance debates. Taken together, this
literature demonstrates that insurance is no longer peripheral to climate-related research. However, it also reveals that the
sector is rarely analyzed within a single, unifying climate finance framework. Therefore, the main gap is not so much in the
lack of conceptual or empirical work as it is in the poor integration of these strands into a cohesive analytical explanation of
how insurers contribute to climate finance.

This article responds to that fragmentation by reorganizing these dispersed strands of research into three primary categories
that correspond to the insurance sector’s most climate-finance relevant functions: risk transfer, resilience, and capital
allocation. In doing so, it moves beyond the tendency to treat disaster risk finance, adaptation, institutional investment, and
climate-risk governance as largely separate domains of inquiry, and instead brings them into a common analytical framework
centered on climate finance. Although these categories do not cover every topic in the insurance-climate literature, they do
identify the primary mechanisms via which insurers impact financial reactions to climate change. This structure's ability to
consolidate previously separate lines of research into a more comprehensive account of the sector's role in climate financing
is precisely what distinguishes it analytically.
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The first category focuses on insurance as a mechanism of climate risk transfer, particularly in relation to catastrophes, disaster
risk finance, and climate-related loss and damage. Nobanee and Nghiem [8] review climate catastrophe insurance as an
expanding but still fragmented field, while Surminski [14] shows that insurance risk transfer can also enable climate-relevant
investment by reducing uncertainty around future losses, especially in developing-country contexts. This literature increasingly
emphasises that risk transfer cannot be reduced to traditional indemnity insurance alone. It includes sovereign and sub-
sovereign disaster risk financing, regional risk pools, parametric insurance, microinsurance, and reinsurance-backed structures
that channel rapid liquidity after shocks [16, 17]. This category also makes the point that the value of insurance is determined
by how well it is integrated into larger risk management systems. Studies on integrated climate risk management and loss-and-
damage governance argue that risk transfer is most effective when combined with contingency planning, risk layering, early
warning, and ex ante risk reduction rather than treated as a standalone market product [5, 16, 18].

The second category addresses insurance and resilience, most often through the lens of climate adaptation. OECD [5] is
especially important here in arguing that insurers can contribute not only by compensating losses, but also by encouraging
prevention, preparedness, resilient reinstatement, and improved climate-risk analytics. This strand of literature is especially
important because it repositions insurance within adaptation finance and resilience-building rather than treating it solely as a
post-disaster financing mechanism. It also emphasizes the essential conflict that insurance is frequently most socially helpful
in precisely those settings where commercial viability is weakest due to price limits, limited penetration, and high-risk exposure

[5, 8].

The third category concerns capital allocation, especially the role of insurers as major institutional investors. This literature
matters because insurers manage substantial long-term portfolios and therefore participate in climate finance not only on the
liability side, but also on the asset side of their balance sheets. Golnaraghi [10] highlights this dual role of insurers as both risk
managers and investors. In principle, this positions insurers as potentially important actors in financing renewable energy,
green bonds, climate-resilient infrastructutre, and other transition or adaptation related investments. At the same time, the
literature is cautious about assuming that the existence of long-term capital automatically translates into climate-aligned
investment outcomes. Ameli et al. [11] show that disclosure alone is insufficient to redirect institutional investor finance
toward public-interest climate goals, while Jakubik and Uguz [19] find that green bond commitments by European insurers
did not consistently produce strong positive market effects.

Across these three categories, a further body of work focuses on climate-risk governance, modelling, and information
production. This includes research on catastrophe modelling, scenatio analysis, disclosures, climate-risk data, and underwriting
methodologies. Geneva Association [6] is central here because it demonstrates how insurers integrate climate-risk assessment
across both the liability and asset sides of the balance sheet. These contributions are analytically indispensable because they
show how insurers make climate risk financially legible. Yet their role is best understood as cross-cutting. Risk transfer depends
on how climate risks are measured and priced; resilience depends on how climate information shapes incentives and adaptation
decisions; and capital allocation depends on how future risk is interpreted within investment strategies [0, 9]. For this reason,
the present article does not treat risk pricing and modelling as a standalone fourth pillar. Doing so would risk reproducing the
fragmentation that the article seeks to overcome. Instead, these functions are conceptualised as the informational and analytical
infrastructure underpinning all three core dimensions.

Taken together, the literature reveals that the insurance sector is already embedded in climate-related study, yet rarely as the
major topic of an integrated climate finance analysis. Risk transfer, resilience, and capital allocation are frequently discussed,
but seldom brought together as the defining modes through which insurers contribute to climate finance. This article develops
that synthesis and, in doing so, secks to clarify both the opportunities and the structural limits of insurance-led climate finance.

3. Material and Method

This article employs a narrative review technique based on a thematic and functionally oriented analytical framework. Its goal
is not to create a bibliometric map or a narrowly focused screening exercise, but rather to synthesize the most relevant
academic and institutional literature on the three main dimensions through which insurance enters climate finance: risk
transfer, resilience, and capital allocation. A narrative review is particularly appropriate here because the central question is
not simply whether insurance matters in the context of climate change, but how it matters, through which mechanisms, and
under what institutional conditions [5, 9].

The literature was selected according to thematic and functional relevance to the insurance—climate finance nexus rather than
through a systematic or bibliometric screening protocol. Priority was given was given to works that address at least one of the
three core analytical dimensions examined here -risk transfer, resilience, and capital allocation- or the cross-cutting issues of
climate-risk modelling, pricing, governance, regulation, and insurance-sector investment. Peer-reviewed academic studies were
included to capture scholarly debates and empirical findings, while institutional reports from organisations such as the OECD,
IPCC, UNEP FI, and the Geneva Association were also included because they provide policy-relevant frameworks,
supervisory perspectives, market data, and practitioner-oriented analyses that are central to understanding the insurance
sector’s role in climate finance. This combination of academic and institutional sources is therefore consistent with the article’s
narrative review approach, which aims to integrate dispersed strands of literature into a coherent conceptual framework.

This framing is also consistent with broader understandings of climate finance that go beyond direct capital flows and instead
emphasise the institutions, incentives, and financial arrangements shaping mitigation and adaptation outcomes [3]. Under such
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a perspective, insurers assist not just by transferring money directly, but also by organizing financial protection, setting
behavioral incentives, affecting recovery trajectories, and generating knowledge that makes climate risk actionable in economic
and financial decision-making [6]. Insurance thus belongs within climate finance not merely because it pays claims or invests
assets, but because it plays a constitutive role in how societies organise financial responses to climate-related uncertainty.

The tripattite structure adopted in this article is intended to reflect the insurance sectot's contribution to climate finance in an
analytically concise and conceptually robust manner. Risk transfer represents the sector’s core liability-side role in absorbing,
pooling, and redistributing climate-related losses through insurance, reinsurance, catastrophe mechanisms, and associated
instruments [5, 8]. Resilience captures insurance’s broader adaptation-related function by incorporating prevention,
preparedness, risk reduction, and recovery capacity [5]. Capital allocation reflects insurers’ asset-side importance as large
institutional investors whose portfolio decisions shape the direction of long-term finance [10, 11]. Taken together, these three
dimensions reveal that the insurance sector participates in climate finance not through a single mechanism, but through a
combination of compensatory, adaptive, and allocative roles.

This structure also helps to avoid a common tendency in the literature to confuse functional contributions with enabling
conditions or cross-cutting capacities. As noted above, modelling, pricing, climate data production, and scenario analysis are
central to the insurance-climate nexus, but they do not constitute separate channels of contribution in the same way that risk
transfer, resilience, and capital allocation do. They are better understood as forms of analytical infrastructure that operate
across all three dimensions [6, 9]. Likewise, governance and regulation shape the effectiveness, scope, and distributional
consequences of insurance-based climate finance, but they do not define its core functions [5, 13]. The present framework is
designed precisely to retain these distinctions while integrating the relevant strands of literature into a coherent whole.

The Role of the Insurance Sector in Climate Finance
Risk Transfer

Risk transfer is the most visible and historically established way in which the insurance sector contributes to climate finance.
Through insurance, reinsurance, catastrophe pools, and other forms of pre-arranged protection, climate-related losses can be
spread across policyholders, geographies, time horizons, and in some cases capital-market actors. This redistribution reduces
the immediate burden of shocks on households, firms, and governments, and limits the extent to which climate disasters
translate into abrupt fiscal stress, interrupted recovery, and long-lasting macroeconomic disruption [5, 8]. In climate finance
terms, the significance of risk transfer lies not simply in compensating losses after they occur, but in creating an organised
financial architecture through which climate shocks become more manageable, more predictable, and more rapidly financeable

[16].

The literature also demonstrates that risk transfer is a multi-layered set of arrangements rather than a single tool. At household
and firm level, protection may take the form of microinsurance or conventional property cover; at meso and sovereign levels
it often involves reinsurance-backed programmes, regional pools, or public-private facilities; and at the macro end it may
extend to catastrophe bonds and other insurance-linked securities that shift part of climate-related disaster risk to capital
markets [14, 17]. This differentiation matters analytically because the climate-finance contribution of insurance depends not
only on whether coverage exists, but on who is covered, which layer of loss is transferred, and how rapidly liquidity can be
mobilised after an event. The risk-layering literature is especially important here: lower-severity and more frequent losses are
often better addressed through prevention, retention, or contingency funding, whereas lower-frequency and higher-impact
losses are more suitable for transfer through insurance and reinsurance [16]. Well-designed risk transfer can therefore reduce
reconstruction delays, smooth fiscal shocks, and limit emergency reallocations from already constrained public budgets,
especially when embedded in broader disaster risk financing strategies [5, 17].

A further insight from the recent literature is that product design shapes the developmental value of risk transfer. Indemnity
insurance can track realised losses more closely but may involve costly and slower loss adjustment, whereas parametric and
index-based instruments can pay out rapidly on the basis of pre-defined triggers but introduce basis risk, the possibility that
the payout diverges from actual loss [18]. This trade-off is particularly important in climate-vulnerable contexts where speed
of disbursement is critical for emergency response, yet legitimacy and trust depend on whether instruments match experienced
losses. For that reason, several studies stress that climate risk transfer should be evaluated not only by premium volume or
coverage rates, but also by trigger design, transparency, data quality, and its integration with contingency planning, early
warning, and social protection systems [17, 18]. Recent scholarship further strengthens this interpretation by showing that
higher levels of insurance coverage are associated with less severe macroeconomic consequences following climate-related
catastrophes. Giuzio et al. [20] demonstrate that declining insurance coverage under stronger warming scenarios could amplify
macroeconomic losses. This suggests that insurance should not be understood merely as a compensatory instrument, but also
as a mechanism of macro-financial stabilisation under climate stress. At the same time, slower-onset processes such as sea-
level rise, salinisation, and desertification reveal that traditional non-life contracts are often poorly matched to gradual and
cumulative forms of loss, which may require multi-year structures, modified triggers, or complementary public financing
arrangements rather than standard short-term coverage alone [18].
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However, it is important to be aware of the limits of risk transfer. Given climate change’s potential to increase the frequency
and severity of losses, insurability may be strained and premiums may rise. As risks become more severe and less diversifiable,
some forms of coverage may become increasingly unaffordable or unavailable. OECD [5] explicitly warns that climate change
may reduce the future availability of affordable insurance unless adaptation and risk reduction improve in parallel. The
literature on loss and damage and inclusive insurance further shows that pure market provision is often weakest where
vulnerability is highest, which is why public support, premium subsidies, contingency funds, and layered public-private
arrangements are frequently needed to reach low-income groups and climate-exposed sectors [14, 17, 18]. Recent academic
studies add a further prudential dimension to this discussion: as physical, transition, and liability risks are increasingly reflected
in insurers’ balance sheets, supervisory authorities are placing growing emphasis on firms’ integration of climate risk into
enterprise risk management, scenario analysis, and their own risk and solvency assessment; however, modelling approaches
remain inconsistent and are still most developed in the area of physical risk [21]. Risk transfer alone therefore cannot solve
the climate finance challenge. Its continued effectiveness depends on parallel investments in adaptation, risk reduction, and
institutional arrangements that preserve both affordability and legitimacy in an era of escalating climate exposure [5, 16].

Resilience

The second major contribution of the insurance sector lies in resilience-building. Although insurance is often framed as an
ex-post compensation mechanism, the literature increasingly shows that its climate-finance relevance is equally tied to what it
does ex ante. In resilience terms, insurance matters because it can help systems absorb shocks, recover more quickly, preserve
core functions, and reduce future vulnerability; in adaptation terms, it helps translate climate risk into planning, pricing, and
investment decisions before losses occur [22]. This is particularly important at a time when adaptation finance remains
comparatively underdeveloped relative to mitigation finance, even though present-day climate losses are already affecting
balance sheets, fiscal stability, and development outcomes [5].

Insurance promotes resilience through a vatiety of interconnected channels. Le Quesne et al. [16] explicitly notes that
insurance against extreme weather events can increase resilience not only through compensation, but also by signalling risk
through premiums and deductibles and by encouraging risk management. OECD [5] deepens this argument by identifying
four areas where insurers support adaptation: climate-conditioned risk analytics, the communication of risk information,
incentives for prevention and adaptation, and more resilient reinstatement after claims. Jarzabkowski et al. [23] extend the
same logic by arguing that insurance is most effective when embedded in broader adaptation strategies that improve risk
literacy, align public policy, and strengthen Build Back Better practices. Under this logic, insurance becomes part of adaptation
finance even when it does not directly fund a formally labelled adaptation project.

The resilience literature also highlights the growing importance of product innovation. ClimateWise [24] argues that climate-
ready insurance products are those that incorporate resilience and adaptation objectives into the business models and
operations of policyholders. The same logic appears in urban resilience debates. Climate Policy Initiative [1] describes
insurance as a crucial tool for building fiscal and physical resilience in cities, not only because city governments can purchase
coverage, but also because they can use insurance within broader planning, risk governance, and investment strategies.
Parametric solutions further expand this resilience toolkit by providing rapid liquidity after predefined climate triggers are met,
which can be especially valuable for agriculture, local public services, and climate-vulnerable communities; however, their
effectiveness depends on careful product design, management of basis risk, and, in many contexts, hybrid combinations with
traditional cover [23].

Another way to boost resilience is to link adaptation investment to better financial outcomes. Climate adaptation and resilience
investments can reduce expected losses and strengthen the long-term sustainability of insurance markets and underwriting
capacity [13]. Adaptation is also increasingly framed not only as a loss-reduction mechanism but as a strategic investment
process capable of generating broader economic and financial returns [13]. In this sense, insurance contributes to resilience
not only by financing recovery, but also by helping translate physical climate risk into signals that can preserve asset values,
lower volatility, support creditworthiness, and improve long-term insurability.

However, the resilience function of insurance illustrates one of the sectot's key structural paradoxes. Insurance is frequently
most socially necessary in situations characterized by high vulnerability, low income, limited information, and insufficient
public protection. These are also the conditions under which private insurance markets are least likely to function efficiently
on a commercial basis. Affordability limits, poor penetration rates, weak technical capacity, and significant risk exposure might
result in protection gaps precisely where resilience needs are most needed [1, 5]. Recent literature also warns that systemic and
cumulative shocks—including disruptions spreading through supply chains and infrastructure networks—are challenging
traditional assumptions regarding independent losses and short insurance cycles, making it difficult to ensure long-term
resilience using traditional market products alone [25]. This is why the resilience literature consistently points toward layered
risk financing, public-private partnerships, premium support, resilience bonds, and closer integration between insurance
systems, supervisory frameworks, and adaptation planning [26, 27].

Finally, resilience should also be understood as an internal characteristic of insurers themselves. Climate risk affects pricing,
solvency, operational efficiency, and business models, which means that the sector's ability to support societal resilience
depends partly on its own institutional resilience. Recent empirical work from China finds that physical climate risk can reduce
insurers' operational efficiency, while resilient infrastructure and insurance technology can mitigate adverse effects and support

26



Codal KUJES, 12(1):21-31, 2026

gradual transformation [28]. Complementing this, qualitative evidence from senior industry experts shows that insurers are
responding through product portfolio changes, environmentally oriented investment strategies, and stronger collaboration
with regulators and public authorities [29]. The resilience role of insurance is therefore two-sided: insurers support the
resilience of others, but must also adapt their own governance, analytics, and operating models if they are to remain credible
climate-finance actors over the long run.

Capital Allocation

A third and often less appreciated dimension of the insurance sectot’s climate-finance relevance is capital allocation. Insurers
are among the world's largest institutional investors, managing significant portfolios against long-term obligations, giving them
an asset-side position in climate finance that is equal to their liability-side role in risk transfer. However, this position is
structurally mediated by asset-liability management, solvency standards, liquidity requirements, and insurance product
contractual elements. Life insurers invest substantially in long-duration bonds and government debt because the guarantees
incorporated in traditional policies and the structure of long-term liabilities make these assets crucial to portfolio creation. [10,
26, 30]. Insurance capital allocation should therefore be seen as climate-relevant portfolio positioning inside a strictly regulated
balance-sheet architecture, rather than unconstrained voluntary green investing [31].

This balance-sheet reasoning is important for climate finance because it establishes the practical areas in which insurers might
allocate resources. The literature on strategic asset allocation shows that climate considerations need to be integrated into
long-term portfolio construction and scenario analysis, rather than being added later as a tactical environmental, social,
governance (ESG) screen [32]. In this regard, Mercer [32] argues that standard strategic asset allocation models are poorly
equipped to address climate change, since they rely heavily on historical relationships, while climate risk demands forward-
looking scenario-based analysis. Similatly, the Forum for Responsible Investment [33] survey of Paris-market investors reports
that ESG and climate critetia are increasingly treated as strategic-allocation issues and that the risk-management dimension
remains fundamental, particularly for insurers operating under Solvency II constraints, a risk-based regulatory framework that
requires insurers to maintain capital buffers in line with the risk profile of their assets. In this sense, climate-aligned capital
allocation depends not only on investor intention, but on whether climate metrics, scenarios, and transition pathways are
embedded into core portfolio design [32, 33].

Even when insurers attempt to boost climate-relevant investment, the literature identifies persistent barriers. Institutional
investors’ direct allocation to clean energy, resilient infrastructure, and other transition-supporting assets remains limited
outside the largest and most sophisticated actors, owing to shortages of suitable vehicles, policy instability, unfamiliar risk
profiles, and limited internal expertise [34]. This is consistent with Ameli et al. [11], who show that disclosure and transparency
by themselves do not redirect capital toward public climate objectives. Climate-aligned capital allocation therefore depends
on credible transition policy, investable pipelines, de-risking mechanisms, and institutional capacity—not simply on the
presence of large pools of insurance capital [11, 34].

Green bonds are often presented as one of the most accessible channels through which insurers can support climate finance,
especially because bonds fit insurers’ liability structures and liquidity preferences. However, the literature suggests a more
qualified interpretation. Jakubik and Uguz [19] find that green bond commitments by European insurers did not consistently
generate strong positive market effects, while recent sectoral evidence shows that sustainability-labelled bonds still raise
concerns around standards, verification, and the credibility of green labels [35]. At the same time, the same report shows that
insurers’ existing portfolios may remain materially exposed to fossil-fuel-related assets, with holdings concentrated among a
relatively small number of firms. This underlines a central tension of capital allocation in insurance: insurers can support
transition finance through green and resilience-oriented investment, but they may simultaneously continue financing carbon-
intensive sectors unless portfolio realighment becomes broader and more systematic [19, 35].

The capital-allocation function is also important because it links climate finance to financial stability. Portfolio choices by
insurers affect sovereign and corporate funding conditions, and under climate stress these choices can transmit shocks rather
than merely absorb them. Corradin et al. [30] show that euro area insurers’ holdings of sovereign bonds, home bias, and
reliance on liquid government securities for claims funding can create spillovers into bond markets after natural disasters.
More broadly, climate-related risks can interact with procyclical asset repricing, liquidity pressure, and reductions in insurance
provision, with implications for the wider financial system (36]. For this reason, the asset-side contribution of insurers should
be understood not only in developmental terms—as a source of long-term capital for mitigation, adaptation, and resilient
infrastructure—but also in prudential and systemic terms. Insurers are not merely passive allocators of surplus funds; they are
market-shaping institutions whose capital allocation decisions influence both the financing of climate solutions and the
resilience of the financial system itself [30, 36].

Cross-Cutting Function

While this article is structured around three core dimensions, these do not operate independently. They are linked through a
cross-cutting informational layer that includes risk pricing, catastrophe modelling, climate-risk assessment, scenario analysis,
and the broader generation of climate-relevant information. One of the most significant contributions of insurers is precisely
their role in translating physical climate risk into financial signals. Through premiums, underwriting conditions, exclusions,
claims data, and forward-looking risk analytics, insurers make climate uncertainty economically legible [6].
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This informational function is essential since financial flows are influenced by how risk is perceived, assessed, and priced in
addition to the availability of capital. Capital may continue to flow toward susceptible assets, maladaptive investments may
persist, and chances to increase resilience may be lost in situations where climate risk is pootly understood or not adequately
reflected in financial decision-making [6, 9]. Insurers therefore contribute to climate finance not only through direct protection
or investment, but also through the production of actionable information. In this way, they transform uncertain future climate
impacts into signals that can influence behaviour, contractual arrangements, and investment decisions

For this reason, risk pricing, modelling, and the production of climate information should not be treated as a separate fourth
pillar in competition with risk transfer, resilience, and capital allocation. Their analytical significance lies precisely in the fact
that they underpin all three. They shape the terms under which risks are transferred, the incentives that support resilience, and
the informational basis upon which capital is allocated. Conceptualising them as a cross-cutting function preserves the internal
coherence of the tripartite framework while also recognising the foundational role of insurance information infrastructure in
climate finance [0, 9].

Structural Constraints in Insurance Systems

The insurance sector plays an important role in climate finance, but its capacity is limited by a range of structural constraints,
such as affordability challenges, uncertainty in future risk assessment, limited forward-looking modelling, and gaps in hazard
and geographic coverage. Taken together, these constraints caution against overly optimistic expectations about what
insurance can deliver under climate change, especially when reliance is placed primarily on pricing and market-based
mechanisms. [37]. The first constraint is affordability. As climate risks intensify, premiums may rise beyond the reach of low-
income households, farmers, small firms, or local governments. In such cases, the expansion of insurance does not necessarily
reduce vulnerability; it may instead widen protection gaps between those who can afford coverage and those who cannot [5].

The second constraint concerns insurability. Certain risks may become so frequent, severe, or spatially correlated that they
can no longer be sustainably covered through conventional insurance logic. This issue is particularly relevant for recurring
disaster losses and slow-moving processes such as sea-level rise or desertification; as such risks do not fully align with
traditional insurable risk models [18, 20]. As climate change alters the characteristics of hazard itself, the limitations of what
can be privately insured may vary in ways that limit the sectot's ability to provide comprehensive protection [38]. A third
constraint is institutional unevenness. The climate-finance contribution of insurance is strongly reliant on regulatory capability,
climate data availability, supervisory expectations, legal frameworks, and government support systems. Where these are
inadequate or absent, the sectot's contribution may stay limited, regardless of its theoretical capacity [39].

A fourth constraint concerns distribution. Insurance-based climate finance may work relatively well for well-capitalised actors,
formalised markets, and asset-rich sectors, while leaving the most vulnerable populations outside effective systems of
protection. This raises important questions about equity, access, and the social distribution of climate resilience [5, 13].

These constraints suggest that insurance should be understood as a complementary pillar of climate finance rather than as a
substitute for public finance, concessional support, adaptation planning, or social protection. Its role is real and potentially
substantial, but it depends on institutional design. Public-private partnerships, layered risk-sharing arrangements, premium
support, public reinsurance, catastrophe pools, and stronger integration with adaptation strategies are all likely to shape
whether insurance functions as an enabling component of climate finance or becomes a mechanism of exclusion and burden-
shifting [5, 13].

4. Discussion

The literature reviewed in this article demonstrates that the insurance sectot's role in climate finance is best understood
through the interaction of risk transfer, resilience, and capital allocation. Although these functions are frequently discussed
separately, bringing them together clarifies why insurance occupies a distinct position within climate finance architecture. The
sector is neither reducible to a technical claims-paying industry nor adequately captured by its identity as a long-term
institutional investor alone. Its distinctiveness lies in the fact that it operates simultaneously across multiple financial functions:
absorbing and redistributing losses, shaping adaptation and recovery incentives, and allocating long-term capital in ways that
affect transition and resilience pathways [5, 10].

The analytical value of the tripartite framework lies precisely in its ability to overcome fragmentation in the existing literature.
Risk transfer emphasizes pre-arranged protection and post-shock liquidity to capture the financing of loss and recovery.
However, the rich literature reviewed here also shows that this function is internally differentiated: capital-market-based
transfer through catastrophe bonds or other insurance-linked structures is not comparable to the macro-financial significance
of sovereign pools and public-private facilities, nor is the developmental significance of inclusive microinsurance [14, 17].
Bringing these layers together makes it clear why climate-finance research needs to consider not just the presence of cover
but also instrument design, basis risk, public support, and the institutional architecture that converts claims-paying capability
into resilience and recovery.

A central implication of this review is that climate finance should be interpreted more broadly than conventional measures of
mitigation and adaptation spending often allow. Insurance demonstrates that climate finance is not limited to funds directed
toward labelled projects. It also includes the financial arrangements through which societies absorb shocks, distribute losses,

28



Codal KUJES, 12(1):21-31, 2026

structure recovery, and generate incentives for adaptation. In this sense, pre-arranged protection and post-disaster liquidity
are part of climate finance, not external to it [3]. Likewise, the production of climate-risk information—through pricing,
modelling, underwriting, and scenario analysis—is a constitutive dimension of how financial systems respond to climate
uncertainty [0, 9]. At the same time, the research strongly cautions against exaggerating the importance of insurance. The
sector does not provide a universal answer to climate financing gaps. Its effectiveness is dependent upon affordability,
insurability, data, regulation, governance, and institutional coordination. Perhaps most crucially, the places and populations
who require insurance-based resilience are frequently those where market provision is inadequate. This means that the future
climate-finance role of insurance depends heavily on institutional design rather than market presence alone [5, 8]. Insurance
can function as a strategic pillar of climate finance only when embedded within broader systems of public policy, adaptation
planning, and layered risk-sharing.

Overall, the review points to a balanced conclusion. The insurance sector should neither be viewed as peripheral to climate
finance, nor should it be regarded as capable of solving climate finance gaps on its own. It is best understood as a strategically
important but bounded actor whose contribution depends on whether risk transfer, resilience-building, and capital allocation
are institutionally aligned rather than treated as isolated functions [5, 13].

5. Conclusion

This review article has examined the role of the insurance sector in climate finance through three interconnected dimensions:
risk transfer, resilience, and capital allocation. The analysis shows that the relevance of insurance to climate finance is already
well established across multiple strands of scholarship, but remains unevenly conceptualised. Existing studies demonstrate
that insurance can reduce the macroeconomic burden of climate catastrophes, support adaptation and preparedness, foster
innovation in risk-transfer mechanisms, and participate in climate-relevant capital markets as a major institutional investor [8,
9, 20]. What has been less common, however, is to consider these contributions together within a single climate finance
framework. By bringing them into one analytical structure, this article has argued that the insurance sector should be
understood as a multifunctional climate finance actor rather than merely as a compensatory market institution.

The tripartite framework developed here also supports a more precise substantive conclusion regarding the three dimensions
highlighted in the title. Risk transfer remains the most direct and visible contribution because it supplies pre-arranged liquidity,
loss-sharing, and fiscal shock absorption after climate disasters. Yet the literature makes clear that its contribution depends
heavily on instrument choice, risk layering, and institutional embedding: indemnity insurance, parametric products, sovereign
pools, reinsurance, and capital-market instrtuments do not perform identical functions, and their effectiveness varies according
to hazard type, data quality, affordability, and links with contingency planning and adaptation policy [16-18].

Resilience, in turn, should be understood as the dimension linking ex ante adaptation and preparedness to the broader financial
architecture of climate risk management. The research demonstrates that insurance can promote resilience not just by
providing post-disaster compensation but also by creating incentives for risk mitigation, promoting investments in adaptation,
improving readiness, and developing climate-responsive goods and public-private partnerships [27]. However, because they
rely on factors including affordability, price structures, regulatory design, data accessibility, and the degree to which insurance
is integrated into broader adaptation plans, these effects are neither automatic nor uniformly distributed. Therefore, insurance
contributes to resilience as an institutionally controlled process that aligns financial protection, behavioral incentives, and
adaptation governance rather than as a stand-alone market outcome [37]. Capital allocation, meanwhile, should be understood
as an asset liability management constrained but strategically consequential function. Insurers can help channel long-term
finance toward renewable energy, green bonds, adaptation infrastructure, and broader transition pathways, yet this depends
on portfolio design, solvency treatment, liquidity management, project availability, and the credibility of climate policy. The
literature therefore supports a more precise conclusion: insurers matter as climate financiers not simply because they possess
large balance sheets, but because they occupy a position where prudential portfolio choices can either accelerate climate-
consistent capital reallocation or reproduce carbon-intensive lock-in [30, 32, 34, 35].

At the same time, the literature strongly cautions against overstating this role. Insurance cannot be expected to close climate
finance gaps by itself. Affordability constraints, insurability problems, uneven regulatory capacities, weak investment
incentives, and distributional exclusions all limit what the sector can achieve through market mechanisms alone [5, 13]. The
future climate-finance role of insurance is therefore fundamentally a question of institutional design, not merely market scale.
Public-private partnerships, premium support for vulnerable groups, public reinsurance mechanisms, catastrophe pools,
climate-risk data infrastructure, and prudential frameworks that integrate climate scenarios all matter for whether insurance
becomes an enabling mechanism of climate resilience or a source of exclusion.

For future research, the literature points toward several important directions. Further comparative research on how various
legislative frameworks influence insurers' engagement in climate finance is required. The relationship between underwriting
and investment choices inside insurance companies should also receive more attention, as these two aspects of the balance
sheet are frequently discussed independently even though they are both crucial [40]. Lastly, a thorough examination of the
distributive effects of insurance-led climate finance is necessary, especially in situations where market access is uneven and
climate vulnerability is high [6, 11].

In general, the published literature supports a more robust and nuanced conclusion than what is often reflected in policy
debates. The insurance sector is important not only because it provides compensation for losses related to climate finance,
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but also because it shapes the ways in which climate risks are transferred, resilience is financed, and capital is directed in an
environment of increasing uncertainty. Consequently, the sector’s role is structurally significant, operationally diverse, and best
understood in the context of political conditions. Therefore, insurance should be treated not as a subsidiary element but as a
central one in today’s climate finance discussions.
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Abstract: The external-ballistic behaviour of a projectile is governed by the drag forces acting on it throughout flight; accurate prediction
of the drag coefficient (Cg) is therefore critical for trajectory and range calculations. However, the drag coefficient of the .40 S&W JHP
bullet has not been reported in the literature and its open hollow-point nose is not represented by the standard drag-law families that assume
conventional ogival profiles. This gap is compounded by the operating velocity of the round (352 m/s, Mach = 1.02), which lies in the
transonic regime, where shock formation and base separation make the drag coefficient particularly difficult to estimate. To address this
gap, this study determines the drag coefficient of the .40 S&W JHP bullet through a three-dimensional Computational Fluid Dynamics
(CFD) external-flow analysis based on NIJ 0101.06 reference conditions. The simulations were performed in ANSYS Fluent under the
ideal-gas assumption, using the k-w SST turbulence model with a wall-resolved near-wall mesh (y" = 0.94) and a grid-independence study.
The numerical analysis yielded a drag coefficient of C4 = 0.255. The flow field exhibited a pronounced pressure difference between the
high-pressure stagnation region at the nose cavity (= 1.09x10° Pa) and the low-pressure wake behind the base (= 4.39x10* Pa), while the
local Mach number reached 1.39 at the nose, indicating shock-wave formation; these results show that pressure drag is the dominant
component of the total acrodynamic resistance. The original contribution of this work is that it provides, for the first time, a geometry-
specific Cq for this widely used round in the transonic regime and quantifies the influence of the hollow-point cavity on its drag behaviour.
The reported value provides a reference for external-ballistic trajectory prediction and for the design of ballistic test setups relevant to body-
armour evaluation.

Keywords: External ballistics, CFD, Drag coefficient, .40 S&W JHP bullet, Ballistic test setup, ANSYS Fluent

40 S&W JHP Mermisinin Aerodinamik Ozelliklerinin Sayisal Incelenmesi

Oz: Bir merminin dis balistik davranisi, ucus boyunca tizerine etki eden striikleme kuvvetleri tarafindan belirlenir; bu nedenle siirtikleme
katsayisinin (Cq) dogru tahmini, yoriinge ve menzil hesaplamalarr agisindan kritik 6neme sahiptir. Ancak .40 S&W JHP merminin siirtikleme
katsayisi literatiirde raporlanmamis olup, merminin agtk oyuk uglu burnu, geleneksel ojival profilleri varsayan standart siirtikleme yasast
ailelerince temsil edilmemektedir. Bu eksiklik, merminin calisma hizinin (352 m/s, Mach = 1,02) transonik rejimde yer almasiyla daha da
belirginlesmektedir; bu rejimde sok olusumu ve taban ayrilmasi, stirtikleme katsayisinin tahminini 6zellikle gliglestirmektedir. Bu eksikligi
gidermek amaciyla, bu ¢alismada .40 S&W JHP merminin siirtikleme katsayisi, NIJ 0101.06 referans kosullari temel alinarak t¢ boyutlu
Hesaplamali Akigkanlar Dinamigi (HAD) dis akis analizi yoluyla belitlenmektedir. Simiilasyonlar, ideal gaz varsayimi1 altinda ANSYS Fluent
ortaminda; duvar-¢éziimli duvar yakint ag (y© = 0,94) ile k-w SST tiirbiilans modeli ve bir agdan bagimsizlik calismast kullanidarak
gerceklestirilmistir. Sayisal analiz, Cd = 0,255 degerinde bir siiriikleme katsayist vermistir. Akis alani, burun kovugundaki yiiksek basingls
durma bélgesi (= 1,09x10° Pa) ile taban arkasindaki dtstk basingli iz bolgesi (= 4,39x10* Pa) arasinda belirgin bir basing farki sergilemis;
yerel Mach sayist burunda 1,39'a ulasarak sok dalgast olusumuna isaret etmistir. Bu sonuglar, basing stritklemesinin toplam aerodinamik
direncin baskin bileseni oldugunu géstermektedir. Bu ¢alismanin 6zgiin katkisi, yaygin olarak kullanilan bu mermi i¢in transonik rejimde ilk
kez geometriye 6zgii bir Cq degeri sunmast ve oyuk uglu kovugun siiriikleme davransi izerindeki etkisini niceliksel olarak ortaya koymasidir.
Raporlanan deger, dis balistik yoriinge tahmini ve viicut zirh1 degerlendirmesine yonelik balistik test diizeneklerinin tasartmu icin bir referans
saglamaktadur.

Anahtar Kelimeler: Dis akis, HAD, Siirtikleme katsaysst, .40 S&W JHP mermi, Balistik test diizenegi, ANSYS Fluent
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1. Introduction

External ballistics, which examines the path a bullet follows through the air from the moment it leaves the barrel until it strikes
the target, is a fundamental discipline in assessing the accuracy and range of ammunition. A bullet’s flight path is determined
by its ballistic coefficient—which varies depending on the bullet’s mass, caliber and shape—as well as fundamental launch
parameters such as initial velocity and launch angle. From the moment the bullet leaves the batrel, it is subjected to the
complex interaction of gravitational forces and the drag forces created by the fluid medium (air). In particular, environmental
conditions such as air temperature and pressure directly alter the air resistance the bullet experiences, significantly affecting its
flight time and trajectory. To accurately solve the “encounter problem” between the bullet and the target and ensure the target
is hit accurately, a precise analysis of environmental factors and fluid interactions during free flight is an absolute necessity
[1,2].

The aerodynamic behavior of projectiles plays a critical role in determining their motion in external ballistics. One of the most
important parameters affecting projectile performance is the drag coefficient (Cg), which directly influences the resistance
encountered during flight [3]. Accurate determination of the drag coefficient is essential for understanding projectile
acrodynamics, especially in cases where experimental data is limited. In the literature, drag coefficient values for specific
ammunition types such as the .40 S&W JHP bullet are scarce or unavailable. Therefore, numerical methods such as
Computational Fluid Dynamics (CFD) have become widely used for predicting aerodynamic characteristics [4].

Beyond ballistics, Computational Fluid Dynamics (CFD) has become a well-established tool for resolving complex flows
dominated by separation, recirculation and strong near-wall gradients, provided that an appropriate turbulence closure, a wall-
resolved mesh and a systematic grid-independence and validation procedure are employed [5-8]. Recent thermohydraulic
investigations illustrate this methodology clearly: numerical and experimental analyses of concavity-dimpled surfaces have
shown how a concave cavity controls local stagnation, recirculation and turbulent kinetic energy [5]; wall-resolved (y* = 1)
models combined with grid-independence testing and experimental validation have quantified the flow and transport in
dimpled and corrugated tubes [6]; and the same simulate-then-validate framework has been applied to channelled flows with
engineered geometties [7]. The present study adopts these same methodological standards turbulence model selection suited
to the flow regime, near-wall resolution with y* < 1, mesh-independence verification and benchmarking against available data
and transfers them to the external transonic flow around the .40 S&W JHP projectile, whose hollow-point cavity produces an
analogous interplay of stagnation, recirculation and wake-driven drag.

In this study, a Computational Fluid Dynamics (CFD) analysis of the .40 S&W JHP projectile was conducted based on the
NIj0101.06 — Type II test configuration, at the standard velocity of 352 m/s (Mach = 1.02) and standard atmospheric
conditions, using the k-w SST turbulence model with a fully wall-resolved near-wall mesh (y* = 0.94) and a grid-independence
study to ensure solution reliability. The study is motivated by a specific gap in the literature: the drag coefficient of the .40
S&W JHP bullet has not been reported and its open concave nose is not represented by the standard drag-law families that
assume conventional ogival profiles [9]. This gap is compounded by the operating regime of the round, since at 352 m/s the
flow is transonic, where shock formation and base separation make the drag coefficient particularly difficult to estimate and
most sensitive to the nose geometry. The novelty of the work is therefore twofold: it provides the first geometry-specific Cq
for this widely used round in the transonic regime and it quantifies how the hollow-point cavity governs the pressure-drag
and wake behaviour that standard drag models cannot capture. The resulting drag coefficient offers a validated reference for
external-ballistics trajectory prediction and for the design and instrumentation of ballistic test setups relevant to body-armour
evaluation.

2. Material and Method
Geometric Modelling

The geometry of the .40 S&W JHP bullet was modelled in ANSYS SpaceClaim based on the projectile dimensions considered
in this study. The geometric modelling stages and dimensional details of the projectile are presented in Figure 1. The 3D
model of the .40 S&W JHP bullet is shown in Figure 1(a), while the complete cartridge model is presented in Figure 1(b). In
addition to the projectile model, an external flow enclosure was generated around the bullet to represent the surrounding air
domain.

The geometric dimensions of the projectile model are consistent with the nominal specifications of the .40 S&W cartridge as
defined in SAAMI Z.299.3, with a bullet diameter of 10.17 mm (0.400 in) [10]. The main dimensional parameters used in the
modelling process are shown in Figure 1(c). The radial cuts of the hollow point cavity were incorporated based on the reference
CAD geometry [11], as no standardized dimensional specification exists for this manufacturer-specific feature. These hollow-
point details can be observed in Figure 1(a) and Figure 1(c). Although the minor geometric features of the hollow point cavity
were retained in the model, their aerodynamic contribution at transonic speeds is considered negligible compared with the
dominant effects of the frontal cavity, ogive surface and base separation region.

The .40 S&W cartridge is manufactured with several distinct nose geometries, including Full Metal Jacket Round Nose (FM]-
RN), Flat Nose (FMJ-FN), Truncated Cone (FMJ-TC), Total Metal Jacket (TM]), Soft Point (JSP), Semi-Wadcutter (SWC)
and Jacketed Hollow Point (JHP), each producing fundamentally different external flow characteristics [12—14]. Among these,
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the JHP geometry was selected for this analysis because it uniquely combines three aerodynamically distinct surface features
within a single body: an open concave nose cavity that generates a well-defined stagnation region and measurable pressure
asymmetry at the leading face, a continuously curved ogive suitable for boundary-layer development studies, and a sharp-
edged flat base that produces a clean, well-defined wake and separation zone for base-drag modelling [13,14]. These
characteristic geometric features are cleatly visible in Figure 1(a) and Figure 1(c). In contrast, simpler profiles such as the FMJ-
RN provide a smooth, featureless nose that limits the complexity and academic value of the resulting flow field [12], while
FMJ-FN and SWC geometries, despite incorporating a flat meplat, lack the internal recirculating cavity flow that makes the
JHP configuration particularly advantageous for CFD validation and drag decomposition across the transonic regime in which
the .40 S&W operates [12—14].
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Figure 1. Geometric modelling and dimensional representation of the .40 S&W JHP bullet cartridge: (a) 3D model of the
.40 S&W JHP bullet [11], (b) 3D model of the .40 S&W JHP bullet cartridge, and (c) dimensional measurements of the .40
S&W JHP bullet cartridge. The nominal bullet diameter was checked according to SAAMI Z299.3 [10]

An external flow enclosure was generated around the projectile to define the computational domain. The dimensions of the
enclosure were selected as multiples of the projectile length (L) in order to minimize boundary effects and ensure proper flow
development. The upstream distance was defined as 2L, the downstream distance as 10L and the radial distances as 5L in the
transverse directions [12]. The calculation domain is shown in Figure 2.
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Figure 2. Calculation domain base dimensions [12]

In addition, a Body of Influence (BOI) was defined around the projectile to locally refine the mesh in regions with high
velocity and pressure gradients. As illustrated in Figure 3, the BOI volume surrounds the projectile and covers the near-field
flow domain, where boundary-layer development, flow separation and wake formation are expected to be dominant. This
local refinement strategy improves the resolution of the critical flow regions without significantly increasing the overall
computational cost.

Figure 3. Geometry with the Body of Influence (BOI) volume around the projectile
Mesh

In this study, the numerical mesh for the .40 S&W JHP bullet geometry was generated using ANSYS Fluent. A hybrid mesh
approach was adopted to effectively represent both the near-wall regions of the complex bullet geometry and the far-field
flow domain. An overview of the computational domain and the generated mesh structure is presented in Figure 4.

To locally refine the mesh resolution in regions of high flow gradients, particularly around the bullet nose, body, boat-tail and
wake region, the Body of Influence (BOI) method was applied. The BOI approach defines a dedicated control volume
surrounding the bullet geometry, within which the mesh element size is maintained significantly smaller than that of the outer
flow domain. This allows sufficient resolution to be achieved in critical flow regions without unnecessarily increasing the total
element count.
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The near-wall mesh was carefully configured to ensure accurate resolution of the boundary-layer flow behaviour. As shown
in Figure 5, inflation layers were generated on the projectile surface to resolve the near-wall flow field. Consistent with the
requirements of the selected k-w SST turbulence model [15], a dimensionless wall distance of y+ = 0.94 was achieved. This
value satisfies the y+ < 1 criterion, within which the k-w SST model is capable of directly resolving the viscous sublayer,
thereby enabling high-fidelity boundary-layer analysis without the need for wall functions.

To verify that the numerical solution is independent of the mesh structure, a mesh-independence study was conducted using
four different mesh density levels. For each mesh level, the drag coefficient (Cd) was computed at a bullet velocity of 352 m/'s
(Mach = 1.02), determined in accordance with the NIJ 0101.06 Type 1I standard [16], and the results were comparatively
evaluated. The computed Cd values, together with the corresponding mesh parameters, are presented in Figure 6. The mesh
level at which the variation in Cd values with increasing mesh density fell below a defined threshold was identified as the
optimal mesh configuration, providing a balance between computational efficiency and solution accuracy. This mesh
configuration was subsequently employed in all simulations.

Figure 4. Overview of the computational domain and mesh structure

SPOSSRRENANS
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Figure 5. Detailed view of the surface mesh and inflation layers on the projectile body
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Figure 6. Drag coefficient for different mesh
Numerical Setup

All simulations were carried out using ANSYS Fluent. Air was defined as the working fluid under the ideal gas assumption,
which allows density variations to be captured as a function of local pressure and temperature. A necessary consideration for
flows in the transonic regime [17].

Turbulence closure was achieved using the k- SST model, which has been widely adopted in projectile acrodynamics studies
due to its reliable performance in predicting flow separation and adverse pressure gradient effects at transonic speeds [15, 18].

Ambient conditions were set in accordance with the NI1J0101.06 — TYPE II standard, with a temperature of 21°C and a
reference pressute of 101,325 Pa [16]. A velocity inlet boundary condition of 352 m/s (Mach = 1.02) was applied at the
domain inlet, while a pressure outlet condition was imposed at the downstream boundary. All projectile surfaces were treated
as no-slip walls and the analysis was conducted as a full 3D simulation. The numerical setup parameters are summarized in
Table 1 and the boundary conditions applied to the computational domain are illustrated in Figure 7.

Table 1. Numerical setup parameters

Parameter Value
Working Fluid Air (Ideal Gas)
Turbulence Model k-w SST
Ambient Temperature 21 [°C]
Reference Pressure 101,325 Pa
Inlet Velocity 352 m/s (Mach = 1.02)
Outlet Condition Pressure Outlet
Wall Condition No-slip Wall
INLET CUITILET

BULELT WALL

Figure 7. Computational domain and boundary conditions
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3. Results

The external flow field around the .40 S&W JHP projectile at Mach = 1.02 was numerically investigated and aerodynamic
characteristics were determined using ANSYS Fluent.

Pressure Distribution

As illustrated in Figure 8, the static pressure distribution around the .40 S&W JHP projectile exhibits a distinct high-pressure
stagnation region at the hollow-point cavity of the projectile nose, reaching a maximum value of 1.09 X 10° Pa. The pressure
then drops sharply along the ogive surface and decreases to 4.39 X 10* Pa in the low-pressure wake region behind the projectile
base. This pronounced pressure difference between the nose and base constitutes the primary source of pressure drag, which
represents the dominant component of the total aerodynamic resistance acting on the projectile [18,19].

Static Pressure
[Pa]

1.09e+05
9.37e+04
7.84e+04
6.31e+04
4.7ee+04
3.25e+04
1.72e+04
1.94e+03
-1.34e+04
-2.87e+04
-4.39%+04

contour-1

Figure 8. Static pressure distribution around the .40 S&W JHP projectile
Velocity Distribution

As shown in Figure 9, the velocity magnitude contour indicates that the flow velocity decreases to nearly zero within the bullet
nose cavity, forming a stagnation point. Along the ogive surface, the flow accelerates, and the local velocity reaches up to 444
m/s around the projectile [18]. The velocity vector distribution presented in Figure 10 further confirms the formation of a
low-velocity recirculation wake region immediately behind the bullet base.

Figure 9. Velocity magnitude contour around the projectile
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Figure 10. Velocity vectors around the projectile

Pathlines

As shown in Figure 11, the pathlines coloured by velocity magnitude indicate that the free stream exhibits an orderly flow
structure along the bullet axis. The flow entering the nose cavity undergoes partial compression within the cavity, leading to
the formation of a recirculating flow structure. Downstream of the bullet base, a distinct wake region develops, and the flow
characteristics in this region confirm the presence of base drag [9,18].

Velocity Magnitude
Emiss

4498402
—3.97e+02
=353e+02
309102
~=2:65e+02

221e+02

N 1776402
1320402
- 8B3e+01
+ 4.42e+01
- 0.008+00

pathlines-1

Figure 11. Pathlines colored by velocity magnitude

Mach Number Distribution

The Mach number distribution presented in Figure 12 demonstrates the influence of the transonic flow regime around the
bullet. In the nose region, the local Mach number reaches up to 1.39, indicating the formation of a shock-wave structure.
Behind the bullet base, the Mach number decreases significantly, which reflects the low-energy nature of the wake region. The
shock-wave formation observed in the transonic flow field increases the contribution of wave drag to the overall acrodynamic
resistance [17,18].
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Figure 12. Mach number distribution around the projectile
Turbulent Kinetic Energy

The turbulent kinetic energy distribution presented in Figure 13 shows that the highest turbulence intensity is concentrated in
the wake region behind the bullet base. The maximum turbulent kinetic energy in this region is 1.01 X 10* m?/s2. In contrast,
the turbulence level remains negligible in the free-stream region, indicating that the k-w SST model successfully captures the
transition between the undisturbed flow and the wake region [15].
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Figure 13. Turbulent kinetic energy distribution
Drag Coefficient

As a result of the numerical analysis, the drag coefficient of the .40 S&W JHP bullet at Mach = 1.02 was determined as Cq4 =
0.255. The value is consistent with the range of drag coefficients reported in the literature for bullets of similar caliber and
geometry in transonic regimes. Since no directly comparable reference value for the .40 S&W bullet is available in the literature,
this study is considered provides an original contribution [9, 18].

4. Discussion

In this study, the aerodynamic behavior of the .40 S&W JHP projectile was analyzed using CFD under NIJ0101.06 — Type II
conditions (352 m/s, Mach = 1.02), determining a drag coefficient (Cq) of 0.255.

Results show that pressure drag is the dominant component of the total aerodynamic resistance. The JHP’s concave nose
creates a high-pressure stagnation point (1.09x10° Pa), while a low-pressure wake region behind the base (4.39 x 10* Pa) causes
significant base drag. Additionally, a local Mach number of 1.39 at the nose indicates shock wave formation, which contributes
to wave drag in the transonic regime. The k-w SST turbulence model successfully captured these complex boundary layer and
wake dynamics using a high-resolution hybrid mesh (y*=0.94).

Given the lack of existing data for this specific ammunition, the calculated Cq of 0.255 provides a reliable and consistent
reference for external ballistics. Future research should focus on the experimental validation of these numerical results and
expanding the analysis to other aerodynamically distinct nose geometries, such as FM]J and SWC.
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Table 2. Drag coefficient comparison

Bullet Mach Cd
40 S&W JHP Mach 1.02 0.255
.223 Rem FM]J [4] Mach 0.9 0.137
.223 Rem FM]J [4] Mach 1.1 0.426
G1 [4] Mach 1.00 0.245
G7 [4] Mach 1.05 0422

To place the computed drag coefficient in context, the present value was compared with reported transonic drag data for
representative projectiles and standard drag-law models, as summarised in Table 2. The present Cd of 0.255 at Mach = 1.02
lies within the range of reported transonic values and is close to the G1 standard drag function at Mach 1.00 (Cd = 0.245),
consistent with a position on the lower flank of the transonic drag rise. The steep increase between Mach 0.9 and 1.1 for the
.223 Rem case (0.137 to 0.426) and the higher value of the G7 model (0.422 at Mach 1.05) reflect the well-known sensitivity
of the drag coefficient to Mach number in this regime, where a small change in Mach can more than double Cd. A direct one-
to-one compatison is nevertheless limited: the reference cases differ in nose and base geometry and the G1/G7 values
represent standard drag functions normalised to their own reference geometries rather than object-specific frontal-area
coefficients. The present result should therefore be interpreted as being consistent with the expected transonic range rather
than as a one-to-one match and experimental validation of the computed coefficient is identified as a priority for future work.

5. Conclusion

In this study, the drag coefficient of the .40 S&W JHP projectile was determined through a 3D CFD external-flow analysis
under NIJ 0101.06 reference conditions using the k-w SST model with a wall-resolved mesh (y* = 0.94) and a grid-
independence study. The drag coefficient at Mach = 1.02 was found to be Cq =0.255, the first geometry-specific value reported
for this round. Pressure drag was the dominant component of the total aerodynamic resistance, arising from the difference
between the high-pressure stagnation region at the hollow-point cavity and the low-pressure wake behind the flat base. A local
Mach number of 1.39 at the nose confirmed shock-wave formation and the contribution of wave drag in the transonic regime,
while the maximum turbulent kinetic energy was concentrated in the near-base wake, consistent with the base-drag
mechanism. The computed value lies within the range of transonic drag coefficients reported for comparable projectiles and
standard drag functions and is close to the G1 value at Mach 1.0, indicating a position on the lower flank of the transonic drag
rise.

The significance of these results is twofold. Methodologically, they demonstrate that pressure drag, rather than skin friction,
governs the aerodynamic behaviour of short, flat-based hollow-point projectiles in the transonic regime, so that the nose-
cavity and base geometry are the primary levers determining their drag. Practically, the reported Cq provides a reference value
that can be used directly as an input for external-ballistic trajectory prediction and for the design and instrumentation of
ballistic test setups relevant to NIJ type body armour evaluation, where geometry-specific data for this round were previously
unavailable.

Future work should prioritise the experimental validation of the computed drag coefficient, for example through Doppler-
radar or aeroballistic-range measurements. Beyond this, the analysis could be extended from a single operating point to a full
Cq—Mach curve spanning the subsonic-to-supersonic range and the same framework could be applied to the other nose
geometries of the .40 S&W family (FMJ-RN, FMJ-FN, SWC) to enable a comparative assessment of their drag characteristics.
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