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Abstract

This paper presents a thermal and power characterization of the NVIDIA Jetson AGX
Orin deployed in a realistic outdoor edge Al enclosure, integrated with power supplies, a
Long Term Evolution (LTE) module, and a thermostat-controlled fan, across an ambient
temperature range from —20 °C to +40 °C. The device was tested in a climate chamber
under two workloads: a synthetic CPU and GPU stress test, and a YOLOVS8s inference
workload (TensorRT FP16, 640 x 640 input). Internal temperatures were recorded using
four calibrated platinum Resistance Temperature Detectors (RTD)—PT100/PT1000, while
Jetson chip temperatures and power consumption were logged via tegrastats and jtop. At
sub-zero ambient temperatures, heat dissipated by the device itself kept all components
within their operating ranges down to —20 °C. At the +40 °C setpoint, the stress test
triggered Jetson thermal throttling at GPU and CPU temperatures of +95.6 °C and +99.0 °C,
respectively. Under the same conditions, the YOLOvVS8s inference workload sustained
108.8 frames per second (FPS) at 19.1 W average power, approximately half of the 36.5 W
consumed under the stress test, with chip temperatures well below the throttling threshold.
These findings indicate that synthetic stress tests substantially overestimate the thermal and
power demands of the tested inference workload, and that the enclosure retains sufficient
thermal headroom for outdoor edge device deployment.

Keywords: thermal behavior; power consumption; NVIDIA Jetson AGX Orin; edge computing;
edge AL; YOLOVS; climate chamber; thermal throttling; benchmarking

1. Introduction

Edge computing is an approach where data is processed directly on local devices,
close to the data source. Unlike cloud computing, it does not require a constant internet
connection and can provide lower latency, better data privacy, and more reliable operation
in remote or mobile environments [1].

These advantages make edge computing a suitable choice for running neural networks
in applications such as object detection, autonomous navigation, and video analysis [2,3].
The NVIDIA Jetson platform is one of the most common hardware choices for such tasks [4].
It combines a GPU and a CPU in a small and energy-efficient board, which makes it well-
suited for real-time Artificial Intelligence (AI) workloads. In particular, the NVIDIA Jetson
Orin provides high computing power while keeping energy consumption at a reasonable
level [5].
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The operating temperature of an embedded device depends not only on the workload,
but also on the environmental conditions. In real-world Internet of Things (IoT) deployments,
edge devices can be placed in locations with very different ambient temperatures, such as
outdoor enclosures, industrial facilities, or vehicles. Higher environmental temperature
makes it harder for the device to cool down, which can lead to higher chip temperatures.
Many modern embedded devices can use dynamic voltage and frequency scaling (DVES) to
manage power consumption during normal operation [6]. When the temperature becomes
too high, the hardware may also activate thermal throttling, which forces the clock speed to
decrease in order to reduce heat [7,8]. This can protect the device from damage, but it also
reduces performance. Previous studies [9,10] have shown that thermal stress can change
the CPU and GPU usage, make inference slower, and increase energy consumption. Other
benchmarking studies [11,12] have also shown that devices without proper cooling can have
unstable performance when the temperature reaches high levels.

Although there are many studies [13,14] on benchmarking edge Al devices and mea-
suring their energy consumption, only a few of them focus on the effect of temperature
on performance and energy consumption. Some works [9,15,16] report temperature as
an additional metric, but they do not study how temperature changes directly affect the
benchmark results. Therefore, there is a lack of research on how temperature changes
influence both performance and energy consumption on devices like the Jetson AGX.

This paper investigates the impact of environmental temperature on benchmark
performance and energy consumption on the NVIDIA Jetson AGX platform. The NVIDIA
Jetson AGX Orin was selected as the device under test because among currently available
Jetson modules it offers the highest sustained compute capacity (up to 200 TOPS at INTS8 in
MAXN mode), making it the target platform when a single edge node must run multiple
concurrent camera streams and detection pipelines, and to our best knowledge, the AGX
Orin has not been characterized under varying ambient temperatures in prior work.

A series of experiments was conducted in which the ambient temperature around the
device was varied, and the influence on several important metrics, such as Frames per Second
(FPS), GPU and CPU usage, power consumption, and device temperature, was observed over
time. The experimental setup involved placing the Jetson AGX Orin within an additional
enclosure, along with a power circuit and communication modules, to represent a realistic edge
device deployment under controlled temperature conditions provided by a climate chamber.
The results of this study can help developers and engineers to better understand how edge Al
devices behave when deployed in environments with different temperature conditions.

The contributions of this paper are as follows:

* A thermal and power characterization of the NVIDIA Jetson AGX Orin in a closed,
realistic outdoor enclosure, integrated with power supplies, communication modules,
and active cooling that would be present in a typical field deployment.

e A direct comparison of synthetic stress and YOLOvS8s inference workload at the same
ambient temperatures, quantifying the gap between worst-case and tested deployment
conditions.

* Identification of the Jetson module itself, rather than the enclosure or surrounding
components, as the thermal bottleneck at +40 °C ambient under worst-case load.

The rest of the paper is organized as follows: Section 2 describes related work, Section 3
provides the system description and introduces the methodology, in Section 4 we present
the experimental results and discuss the findings, which are summarized in Section 5, and
Section 6 concludes the article.

2. Related Work

In this section, we review previous studies that are related to our work.
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In “Profiling Energy Consumption of Deep Neural Networks on NVIDIA Jetson
Nano” [13], the authors measured power, latency, and energy of DNN inference on the
Jetson Nano. They used onboard sensors and checked their accuracy with an external
oscilloscope and a shunt resistor. They ran a MobileNetV2 model and changed four settings:
number of CPU cores, CPU frequency, GPU frequency, and sync mode. They also measured
power for individual layers of the network. The results showed that GPU frequency has
the greatest effect on speed, and that lowering CPU frequency saves power but increases
latency. The study found significant trade-off points for low energy use. All tests were
carried out at a stable temperature, and the effect of heat was not studied.

In “NVIDIA Jetson Platform Characterization” [14], the authors studied the NVIDIA
Jetson TK1 and TX1 platforms. They built micro-benchmarks for both CPU and GPU
and used the Roofline model to show the performance limits of each platform. They also
measured power with an external power meter. The study covered the full range of CPU
and GPU frequencies and included a matrix multiplication case study. The results showed
that the GPU is much faster than the CPU on both platforms. They also found that changing
the frequency can help find a better balance between speed and energy use. However, the
study did not look at how temperature affects performance.

In “Performance Evaluation of the NVIDIA Jetson Nano Through a Real-Time Machine
Learning Application” [9], the authors tested the Jetson Nano for vehicle detection in real
traffic in Quito, Ecuador. They used YOLO with OpenDataCam and tested at three locations
at different times of day. They measured CPU, GPU, RAM usage, together with temperature
and power consumption, using Jetson Stats. The GPU stayed at 99% usage in all tests,
power changed with traffic intensity, and temperature went above 70 °C during long runs.
The environmental temperature was not controlled during the experiments.

In “Evaluation of Thermal Stress on Heterogeneous loT-Based Federated Learning” [15],
the authors tested how thermal stress affects federated learning on Jetson Nano and
Raspberry Pi boards. They heated up the devices and measured training time, CPU and
GPU usage, temperature, and energy. The results showed that stress made training slower
and used more energy. Even when only a few devices were stressed, the whole system was
affected. This study is closely related to our work, but it focuses on training, not inference,
and the stress was created by software, not by changing the environmental temperature.

In “Benchmarking Edge Al Platforms: Performance Analysis of NVIDIA Jetson and
Raspberry Pi 5 with Coral TPU” [16], the authors compared Jetson Orin NX, Jetson Nano,
and Raspberry Pi 5 with Coral TPU using YOLOVS5. They ran three tests: inference speed,
resource usage, and a one-hour thermal stress test at a fixed ambient temperature of 25 °C.
The Orin was the fastest, and the Nano used the least power. The Raspberry Pi 5 reached
up to 80 °C and showed signs of throttling, while the Jetson devices stayed much cooler.
The ambient temperature was not changed during the experiments.

In “Hot Under the Hood: An Analysis of Ambient Temperature Impact on Heteroge-
neous Edge Platforms” [17], the authors directly study how ambient temperature affects the
power consumption and runtime of machine learning inference on an NVIDIA Jetson TX2.
They argue that most existing characterization studies of edge platforms are carried out
without considering environmental factors, even though edge devices are often deployed
in places where the ambient temperature cannot be controlled. To address this, the authors
run a set of benchmarking experiments at different ambient temperatures and apply a
careful statistical methodology to separate the temperature effect from other sources of
variability. The results show that ambient temperature has a clear and significant impact
on power consumption, with an average difference of about 20% and up to 40% for some
workloads. The impact on runtime was smaller, up to about 5%. This paper is the closest to
our work because it directly combines benchmarking, energy measurement, and ambient
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temperature variation. However, the experiments were carried out on the older Jetson
TX2 platform, while our work targets the more recent NVIDIA Jetson AGX, which has a
different architecture, higher computing capacity, and a different thermal profile.

In “Experimental Evaluation of NB-IoT Power Consumption and Energy Source Fea-
sibility for Long-Term IoT Deployments” [18], the authors experimentally characterized
NB-IoT power consumption on a commercial System-on-Module across payload size, signal
attenuation, and ambient temperature from —10 °C to 4-30 °C, and reported that tempera-
ture had a minimal effect on per-packet transmission energy within that range. While that
work targets the communication subsystem rather than the compute platform, it under-
scores that ambient temperature characterization of IoT/edge components is increasingly
seen as deployment-relevant. Our work focuses on the compute side of the same problem
on the more recent NVIDIA Jetson AGX Orin.

These studies cover different aspects of benchmarking, energy profiling, and thermal
effects on embedded devices. Some measure performance and energy under stable conditions,
others study thermal stress created by software, and one [17] directly varies the ambient
temperature on the older TX2 platform. Our work differs from these in three respects that
determine what questions can be answered. First, the device under test is the current top-tier
Jetson AGX Orin, which has a different architecture, higher sustained compute capacity,
a higher power envelope (15-60 W versus <15 W for TX2 and <10 W for Nano), and
consequently a different thermal profile than the platforms used in [9,13-17]. Second, the DUT
is characterized as a fully integrated outdoor deployment, Jetson module, power supplies,
LTE module, PoE injector, thermostat-controlled fan, and cameras inside a closed polyester
enclosure, rather than as a bare development board on a bench. Third, the ambient sweep is
performed in a controlled climate chamber across —20 °C to +40 °C, chosen so that the upper
bound coincides with the onset of Jetson thermal throttling under the worst-case workload,
and the lower bound matches the minimum rated temperature of the integrated components.

3. Methodology

The test involved evaluating a device designed for edge computing, which processes
video streams from cameras and transmits data over a mobile network. The device is
intended for outdoor installation on a pole and operates from a 220 V alternating current
(AC) power supply.

The system consists of a modified polyester enclosure housing the Jetson AGX Orin
module, power supply units, an LTE module, a Power over Ethernet (PoE) injector, and
other hardware. Additionally, two cameras and an infrared illuminator are connected to
the system. The compute module is the Auvidea ES-X230D embedded system housing
the NVIDIA Jetson AGX Orin 32 GB module: 12-core Arm Cortex-A78AE v8.2 64-bit CPU
(3MB L2, 6 MB L3), NVIDIA Ampere GPU with 2048 CUDA cores and 64 Tensor cores,
two NVDLA v2.0 deep learning accelerators, 32 GB 256-bit Low-Power Double Data Rate 5
(LPDDRS5) (204.8 GB/s), configurable power envelope 15-60 W. Storage: 2 TB NVMe Solid
State Drive (SSD). Enclosure: industrial aluminum, 190 x 154 x 60 mm. The module was
operated in MAXN power mode throughout the experiments to load it at its maximum
rated thermal envelope. An internal view of the enclosure is shown in Figure 1, and all
components are listed in Table 1.

The polyester enclosure housing all internal electronics was modified by adding active
cooling: a fan controlled by a thermostat [19]. The thermostat is set to activate at +30 °C or
higher. This means that when the internal enclosure temperature exceeds +30 °C, the fan
draws in fresh air, cooling the internal components. The enclosure also includes an air outlet
that allows hot air to exit freely, creating a cooling airflow. The positions of the air inlet
and outlet openings can be seen in Figure 1. Since two cameras and an infrared illuminator
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need to be connected to the system, additional cable entries were made at the bottom left of
the enclosure. The air inlet for the fan is square-shaped, measuring 9 cm by 9 cm. The air
outlet is circular, with a diameter of 3 cm, and the cable entry opening is oval-shaped with an
approximate area of 6 cm?. All openings are protected against water ingress.

Two cameras are connected to the device: AXIS P3807-PVE and AXIS Q1700-LE. The AXIS
P3807-PVE is a panoramic Internet Protocol (IP) camera with a 180° field of view, designed for
outdoor use (—30 °C to +50 °C) and featuring a high level of environmental protection (IP66,
IP67). The AXIS Q1700-LE is a specialized IP camera for license plate recognition, optimized
for road applications and built for outdoor operation (—40 °C to +60 °C, IP66).

Figure 1. Internal view of the enclosure.

Since the system consists of many different components with varying specifications
and operating temperature ranges, the overall operating temperature range is more limited.
The lowest temperature at which all components are specified to operate is —20 °C. The
highest overall operating temperature according to the documentation is +50 °C.

The experimental design used a discrete set of chamber setpoints (—20 °C, —10 °C, 0 °C,
+20 °C, and +40 °C) rather than a continuous sweep. Two practical constraints motivated this
choice. First, the climate chamber used in this study does not expose a programmable interface
for logging or remote control: setpoints must be set manually on the chamber’s front panel,
and the chamber itself has high thermal inertia, which, in practice, limited the experiments to
one or two stabilized setpoints per working day. A continuous sweep is therefore not feasible
within a reasonable experiment duration on this equipment. Second, the selected points
were chosen to span the deployment-relevant range while remaining within hardware limits:
—20 °C represents the lower bound at which all DUT components are rated to operate, and
going below this risks damaging the components rated only to that minimum; intermediate
points (—10 °C, 0 °C, +20 °C) cover sub-zero, freezing-point, and indoor/room-temperature
conditions; +40 °C represents the upper bound at which the Jetson module already enters
thermal throttling (Section 4.1), so higher setpoints would only reproduce the throttled regime
without providing additional information about the device’s nominal operating envelope.
The data-logging system records continuously during each setpoint phase, so within-phase
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dynamics (warm-up, equilibrium, cool-down) are fully resolved; what is discrete is the set of
stabilized ambient setpoints, not the measurement itself.

Table 1. DUT components.

C (N Manufacturer’s Manufacturer Part Manufacturer’s Designation in
omponent Name Name Number Location the Publication
Modified wall-mounted polyester enclosure, PanelSeT Rueil-Malmaison
PLM, plain door, with metallic plate, Schneider Electric NSYPLM43PG ue aimaison, Enclosure
France
430 x 330 x 200 mm
. . ES-X230D-AGX- Denklingen,
Embedded system for NVIDIA Jetson AGX Orin Auvidea GmbH ORIN32-2TB Germany Jetson
. . . RBLtAP- . .
LtAP LTES6 kit MikroTik 2HnD&R11e-LTE6 Riga, Latvia LTE module
5 port Gigabit Ethernet router MikroTik RB960PGS Riga, Latvia PoE injector
. . . . RB924i-2nD- . .
IoT gateway (Mikrotik KNOT) MikroTik BT5&BG77 Riga, Latvia KNOT
Acti 9 K60N 1P-10 A-C curve 6000 A Schneider Electric A9K02110 Ruml?éﬂgals‘m' -
AC/DC DIN Rail Power Supply (PSU), ITE, 1 Output, 1m0, New Taipei City,
120 W, 12 VDC, 10 A Mean Well NDR-120-12 Taiwan PSU1
Isolated DIN Rail Mount DC/DC Converter, Railway, 2:1, New Taipei City,
100.8 W, 1 Output, 48V, 2.1 A Mean Well DDR-120A-48 Taiwan Psu2
Screw terminal (Box clamp) socket panel or 35 mm rail .
(EN 60715) mount Finder Relays 94.04 Almese, Italy Contactor
General Purpose Relay, 55 752“65' Power, 4PDT, 12VDC, gy der Relays 55.34.9.012.0040 Almese, Italy Relay
Thermostat, ClimaSys CC Series, Bimetal, 0 °C to +60 °C, Schneider Electric NSYCCOTHO Rueil-Malmaison, Thermo-relay

Normally Open, 10 A at 250 Vac, DIN Rail

France

Axis
Network Camera Communications AXIS P3807-PVE Lund, Sweden -
AB
Axis
License Plate Camera Communications AXIS Q1700-LE Lund, Sweden -
AB
60° EmitLight M-series, 860 nm, InfraRed illuminator EmitLight Eggg;‘lfﬁio- Vilnius, Lithuania -

3.1. Identification and Measurement of Heat Sources

To identify heat sources, a thermographic analysis of the device was performed at the

beginning of the study in idle mode at an ambient temperature of approximately +20 °C,
using a FLIR T650SC thermal camera to detect critical heat sources (hotspots). During a
two-hour observation period, three main heat sources were identified: the NVIDIA Jetson
module, the power supply units (PS1/PS2), and the PoE injector.

The internal temperature of the enclosure was measured using a measurement system
consisting of three PT100 and one PT1000 Resistance Temperature Detectors (RTDs) connected
to an nRF52840-Dongle module. The sensor types were chosen based on availability and both
provide equivalent accuracy after individual calibration. The module provides raw voltage
readings, which are recorded via the EDI TestBed [20-23] data acquisition system.

Using data from the thermal analysis, the sensors were arranged as follows: one PT100
was placed between the NVIDIA Jetson and the LTE module, the second PT100 was placed
between the two power supplies (PS1 and PS2), the PT1000 sensor was mounted near the
air inlet, next to the MikroTik KNOT and the fan, to measure the internal air temperature,
and the third PT100 was positioned near the air outlet. The location of the sensors in the
Device Under Test (DUT) is shown in Figure 2.

https://doi.org/10.3390/ electronics15112467


https://doi.org/10.3390/electronics15112467

Electronics 2026, 15, 2467

7 of 19

)

RTD Inlet

Jetson |, o

RTD Jetson

s

RTD PSU

RTD Outlet

~—

Figure 2. RTD sensor placement in the enclosure.

3.2. Sensor Calibration and Temperature Validation

To ensure measurement accuracy, calibration and validation were performed in two
stages. The first stage was performed with the DUT device powered off inside a climate
chamber set to specific temperatures. The procedure included a set of temperature points:
+40 °C, +25 °C, 0 °C, and —20 °C. At each temperature point, the system was allowed to
reach thermal equilibrium, defined as a state in which sensor readings do not vary by more
than +0.5 °C over the last 30 min. The raw voltage data recorded during this process was
used to generate individual voltage-temperature calibration curves for each sensor over
the range from —20 °C to +40 °C, enabling conversion of raw voltage readings into accurate
temperature values during testing.

Since, at this stage, the DUT is switched off and the system is in thermal equilibrium, the
internal temperature of the climate chamber serves as a reliable reference measurement. By
comparing the calibrated sensor readings with the chamber temperature, both the thermal
contact between the temperature sensors and the measured components and the overall accu-
racy of the measurement system relative to the true temperature are validated. Additionally,
at positive temperatures (+25 °C and +40 °C), where infrared reflection error is negligible [24],
the sensor readings are also compared with thermal images from the FLIR T650SC camera,
providing independent validation using an alternative measurement method.

In the second stage, validation was performed under load test conditions with the
enclosure lid open to evaluate component heating at maximum load. The DUT was placed
in a climate chamber set to temperatures of —20 °C, 0 °C, +25 °C, and +40 °C, and the device
was powered on with the load test running. The load test ensured maximum utilization of
the Jetson CPU and GPU and provided streaming from two video cameras.

In this stage of validation, readings from calibrated PT sensors and data from the
FLIR T650SC thermal camera were used. The comparison was based on the analysis of
temperature differences (AT) between sensor positions, which made it possible to verify
measurement consistency without relying on an absolute temperature reference, since
the powered device generates localized and non-uniform heat dissipation. At a chamber
temperature of +25 °C, the sensor located between the Jetson and LTE module recorded
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~+45 °C, corresponding to a temperature increase of AT ~ 20 °C. Similarly, the temperature
between the power supplies reached +42 °C (AT ~ 17 °C). A third sensor, located further
away from the main heat sources, showed a smaller increase (AT ~ 6 °C).

3.3. Jetson System Temperature and Power Consumption Measurement

For measuring temperature, power consumption, and other parameters of the Jetson,
the tools tegrastats [25] and jtop [26] were used. The jtop tool has a Python library, which
was used to write a script for logging data and saving it to a CSV file [27]. Python V3.8.10
was used in the work. Both tools recorded data every second. The AGX Orin was set to
MAXN power mode during the tests.

3.4. Synthetic Stress Test

The synthetic stress test is designed to maximize heat output rather than to represent
any realistic workload. Its purpose is to establish the upper bound of thermal and power
behavior achievable on the DUT under the given enclosure and cooling design, providing
a worst-case baseline against which realistic inference workloads can be compared.

To fully load the system so that power consumption is maximized and the de-
vice reaches its maximum sustained temperature, a synthetic stress test (source code in
Appendix A) was executed. The synthetic test consists of CPU load, GPU load, and video
streaming from cameras on the Jetson, while also recording system data using tegrastats
and a Python script based on the jtop library.

The stress tool loads the CPU with tasks, ensuring continuous maximum utilization of
the processor. The jetson-gpu-burn utility fills most of the GPU’s video memory and per-
forms continuous computations on CUDA cores, thereby loading the GPU to its maximum
capacity [28]. In the stress test, streaming of the video feed from cameras is handled using
the ffmpeg tool.

3.5. Inference Workload

Since the real workload on the Jetson does not always fully utilize the CPU and
GPU, an inference task based on the YOLOVSs [29] object detection model was selected
to represent a realistic workload. The model was exported to a TensorRT FP16 engine
and executed continuously on 640 x 640 input frames from the default coco8 dataset,
performing GPU inference followed by post-processing. We used a similar approach
to [30], ensuring a sustained computational load on the GPU, enabling the evaluation of
system performance, power consumption, and thermal characteristics under conditions
representative of real-world edge deployments. A similar TensorRT FP16 deployment of
YOLOVS8 variants on the smaller Jetson Orin NX has been characterized in [31], providing a
comparison point on a lower-tier Orin module; our setup uses the same model family and
precision but targets the higher-power AGX Orin under varying ambient temperature.

System data logging was performed using the same tools as in the stress test: tegrastats
and a Python script based on the jtop library. During the inference test, additional metrics
were also recorded, including the average frame processing time and the frame rate (FPS).

4. Experiments

The experimental campaign consisted of two workload tests on the same DUT and
instrumentation: a synthetic stress test across five chamber setpoints (—20, —10, 0, +20,
and +40 °C) to characterize thermal limits, followed by a YOLOvS8s inference workload
at the worst-case setpoint (+40 °C) to characterize deployment behavior. Both tests used
identical sensor placement, calibration, and logging configuration. Each phase was held
after the chamber reached its setpoint, ensuring the system reached thermal equilibrium
before measurements were collected.
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4.1. Synthetic Stress Test Results

The experiment using a synthetic stress test was conducted with climate chamber
setpoints of —20 °C, —10 °C, 0 °C, +20 °C, and +40 °C.

The obtained measurement results are summarized in Table 2. Note that starting from
+20 °C, the inlet fan was activated by the thermal relay, so the component temperatures
decreased. Several conclusions can be drawn from the collected data.

Table 2. Results of temperature measurements in climate chamber tests.

Climate Chamber, °C  Jetson CPU, °C  Jetson GPU, °C  Jetson/LTE Module, °C PSU1/PSU2,°C Inlet,°C  Outlet, °C

—20 +68 +64 +31 +12 +10 -1
—10 +77 +73 +40 +24 +20 0
0 +86 +81 +47 +32 +28 +10
+20 +72 +67 +30 +24 +20 +21
+40 +99 +95 +61 +61 +52 +48

(Climate Chamber temperature drifted from +40 °C to 448 °C during test).

Components with high power consumption (Jetson, LTE module, and power supplies)
generate a significant amount of heat. As reported in Section 3.2 under open-enclosure
validation conditions, local temperatures rise by 15-20 °C above the ambient at a chamber
setpoint of +25 °C. Under closed-enclosure stress-test conditions (Table 2), the same AT
values are larger when the cooling fan is inactive: at sub-zero setpoints, the Jetson/LTE
sensor sits 30-50 °C above ambient. Once the chamber setpoint exceeds the +30 °C internal-
air threshold and the fan activates, forced airflow reduces the same delta to 10-21 °C, visible
in the +20 and +40 °C rows of Table 2.

Referring to Figure 3, at the setpoint temperature of +40 °C, the internal temperature
of the DUT is approximately +5 °C higher than the ambient temperature. Continuous
measurements of the chamber temperature were not recorded. The temperatures of all
device enclosures remained within their operational limits, and the system as a whole
continued to function as intended. However, as shown in Figure 4, at +40 °C, the Jetson
CPU temperature approaches the +99 °C throttling threshold, which also coincides with
the manufacturer’s recommended Orin SoC operating temperature limit [32].

As can be seen in Figure 5, the internal enclosure air temperature stabilizes approxi-
mately 30 °C above the chamber setpoint as long as the cooling fan remains off, which is
the case in all sub-zero tests. This delta drives the internal temperature toward the +30 °C
thermostat threshold when the chamber setpoint reaches roughly +15 °C to +20 °C, at which
point the thermal relay activates the fan. Once the fan is active, forced airflow reduces the
internal-to-ambient delta to only +5 °C to +7 °C, as seen in the +40 °C portion of the figure
where, the RTD inlet tracks the chamber temperature closely.

Figure 6 shows that thermal throttling of the Jetson begins when the GPU temperature
reaches approximately +95.6 °C and the CPU temperature about +99.0 °C. This behavior is
evident from a noticeable drop in power consumption accompanied by significant fluctuations,
indicating that the system is actively reducing performance to prevent exceeding critical
temperature limits. After throttling is initiated, both CPU and GPU temperatures stabilize. At
the same time, the figure demonstrates that the temperatures of other system components
continue to rise despite the stabilization of the Jetson CPU and GPU temperatures.

These results indicate that, in the current configuration, the upper limit of the ambient
temperature (+40 °C) is constrained by the cooling capability of the Jetson system.
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Figure 3. RTD measurements of the four enclosure positions during the stress test at a chamber setpoint
of +40 °C. From top to bottom: RTD Jetson, RTD PSU, RTD Inlet, and RTD Outlet. The pre-test phase
(left) shows pre-heating of the chamber; the central +40 °C region is the active stress test; the right
segment shows the cool-down. The thermostat-controlled fan is active throughout this run.
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Figure 4. Jetson chip temperatures (CPU and GPU) and RTD Jetson during the +40 °C stress test. Both
CPU and GPU rise rapidly during the first 30 min and stabilize near their respective throttling thresholds
(CPU =~ 499 °C, GPU = +95.6 °C). RTD Jetson, located in the surrounding air, plateaus around +60 °C,
illustrating the large gradient between the silicon junction and ambient enclosure temperature.
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Figure 5. Internal RTD readings (Jetson, PSU, Inlet, Outlet) across the full stress-test sequence.
Background colors mark the chamber setpoint for each phase. With the cooling fan inactive at
sub-zero setpoints, internal air temperature stabilizes approximately 430 °C above ambient. Once
the chamber setpoint reaches roughly +15 to +20 °C, the thermal relay activates the fan, and the
internal-to-ambient delta collapses to +5 to +7 °C, visible in the +40 °C phases on the right.
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Figure 6. Combined view of the 440 °C stress test: top panel shows Jetson CPU temperature, GPU
temperature, RTD Jetson, and total Jetson power consumption (right axis); bottom panel shows the
four enclosure RTDs. After approximately two and a half hours, the system reaches the throttling
threshold; the resulting drop and oscillation in power consumption are clearly visible at the right of
the top panel. RTDs in the lower panel continue to rise even after CPU/GPU temperatures stabilize.
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4.2. Inference Workload Results

In real-world operation, the workload on the Jetson does not always fully utilize the
CPU and GPU, resulting in lower heat generation. To evaluate how much less heat is
produced and how power consumption differs under an inference workload compared to
a synthetic stress test, a maximum ambient temperature of +40 °C was selected based on
the previous experiment.

Figure 7 shows the internal DUT and Jetson temperatures, as well as Jetson power con-
sumption during the YOLO benchmark. Compared to Figure 6, CPU and GPU temperatures
are well below the throttling threshold and power consumption is approximately halved.
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Figure 7. Inference workload (YOLOvSs, TensorRT FP16, 640 x 640) at +40 °C ambient. Top panel:
Jetson CPU and GPU temperatures, and RTD Jetson; middle panel: enclosure RTDs; bottom panel:
zoomed-in view of Jetson power consumption (=19 W steady state). Compared to the stress test
(Figure 6), CPU and GPU temperatures plateau around +75 °C, well below the throttling threshold,
and total power is approximately halved.

Figure 8 shows how power consumption differs between the stress test and YOLO
benchmark. As observed during the inference test, the CPU consumes less than 10% of the
total power, while the GPU consumes about half. This is consistent with the workload only
partially exercising both compute units: under YOLOvSs, the CPU and GPU operate at
lower sustained utilization, compared to the near-100% utilization driven by the synthetic
stress test.

Figures 9 and 10 show that across all temperature and consumption parameters (Inner
DUT and Inner Jetson), the YOLO benchmark applies less load to the system. As expected,
at an ambient temperature of +40 °C, where the Jetson began thermal throttling during the
stress test, in this test, the CPU and GPU do not reach the throttling threshold. Additionally,
due to the lower workload and reduced power demand, the power supply units also
generate less heat.

https:/ /doi.org/10.3390/electronics15112467


https://doi.org/10.3390/electronics15112467

Electronics 2026, 15, 2467

13 of 19

35 4

30 A

N N
o o

Power (W)

=
«

10

s CPU
- GPU+SOC
- Other

TOT: 19.1W

YOLO Stress Test
Benchmark +40°C
+40°C

Figure 8. Mean power breakdown of the Jetson AGX Orin during the YOLO inference workload
(left, 19.1 W total) and the synthetic stress test (right, 36.5 W total) at +40 °C ambient. Stacked bars
decompose total power into CPU, GPU + SoC, and “Other” rails (memory, I/O, system overhead).
Error bars indicate the standard deviation of the steady-state interval. The CPU rail drops ~5.7 x
between workloads, GPU + SoC drops ~1.9x, while “Other” is nearly unchanged, indicating that

most of the workload-dependent variation comes from the CPU and GPU compute rails.
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Figure 9. Side-by-side thermal response of the Jetson chip during the YOLO inference workload
(red) and the stress test (orange), both at +40 °C ambient. Top to bottom: CPU temperature, GPU
temperature, and total Jetson power consumption. The stress test reaches the throttling threshold

within ~150 min, while inference plateaus well below it for the entire test.
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Because the YOLO benchmark loads the system far less than the stress test, the
platform operates with substantial thermal margin under this workload, suggesting that
the Jetson AGX Orin is a suitable choice for similar inference applications.

The data collected from the YOLO benchmark during the inference test showed that
it operated stably with an almost constant frame rate of approximately 108.8 frames per
second under a consistent load. The summary of the YOLO benchmark frame rate (FPS)
data is presented in Figure 11.
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Figure 10. Side-by-side RTD response during the YOLO inference workload (red) and the stress test
(orange) at +40 °C ambient. Top to bottom: RTD Jetson, RTD PSU, RTD Outlet, RTD Inlet. All four
sensors show consistently lower equilibrium temperatures under inference, reflecting reduced heat
generation across the entire enclosure rather than just at the Jetson module.
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Figure 11. Steady-state performance distribution of the YOLO inference workload at +40 °C ambient
(chamber drifted to ~+43 °C during the run). Left: per-frame inference rate, with a designated
median of ~2108.8 FPS and a tight distribution between 108.0 and 109.5 FPS. Right: total Jetson power,
with a designated median of ~19.1 W. The narrow spread of both metrics over the duration of the
test confirms stable operation without thermal-throttling-induced performance degradation.
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5. Discussion

The results presented in Section 4 can be interpreted in two complementary ways: in
relation to the manufacturer’s published thermal limits, and in terms of the GPU utilization
characteristics of the tested workload.

The thermal throttling thresholds observed in our measurements (GPU ~ +95.6 °C,
CPU = +99.0 °C) align closely with the recommended operating temperature limit for
the Orin SoC documented in the manufacturer’s thermal design guide [32]. This agree-
ment validates the measurement chain (calibrated RTDs, tegrastats, jtop) and confirms
that the AGX Orin in our deployment behaves consistently with the published thermal
management strategy.

Compared to prior characterizations of ambient temperature impact on Jetson
platforms, our findings extend the picture in two respects. The closest comparator,
Ahmadi et al. [17], reports up to 40% variation in power consumption due to ambient
temperature on the Jetson TX2 under inference workloads. We do not perform a compa-
rable statistical sweep of inference power across our full ambient range, but we observe
a consistent qualitative direction: ambient temperature meaningfully affects sustained
edge inference. Earlier studies on the Jetson Nano and TX1 platforms [13,14] characterize
compute and power behavior at fixed ambient temperatures only, and do not capture the
interaction between workload, ambient, and enclosure-level thermal management that is
visible in our closed-enclosure setup. A follow-up to that work [33] proposes a thermal-
aware reinforcement-learning framework that adjusts CPU, GPU, and memory-controller
frequencies in response to measured platform temperature on the same TX2 platform, con-
firming that ambient-driven thermal effects are large enough on edge devices to motivate
dedicated runtime mitigation; our results indicate that, on the AGX Orin under the tested
inference workload, the existing thermostat-controlled fan keeps chip temperatures well
below throttling onset across the full ambient range; thus, such runtime mitigation is not
required for this workload class on this platform.

The approximately twofold reduction in total Jetson power between the synthetic
stress test (36.5 W) and the YOLOVS8s inference workload (19.1 W) is consistent with the
inference workload not fully exercising the platform’s compute capacity. The per-rail
decomposition in Figure 8 shows that this reduction is highly asymmetric: the CPU rail
drops by approximately 5.7 x between workloads, the GPU + SoC rail by approximately
1.9, while the “Other” rail (memory, I/O, system overhead) is nearly unchanged. The
implication for deployment is twofold. First, workload-dependent power variation is
dominated by the compute rails (CPU and GPU + SoC), while system-level overhead
remains roughly constant. This means that for workloads lighter than the stress test, the
“Other” rail forms a non-negligible fixed cost: it accounts for roughly 41% of total Jetson
power under inference but only 25% under the stress test. Second, optimization strategies
that target only the compute rails will yield diminishing returns as the fixed overhead
becomes the dominant component of total consumption. For thermal management, the
result is that at +40 °C ambient, the Jetson module itself is the bottleneck; under the tested
inference workload, the same thermostat-controlled fan keeps the system within operating
limits, so no additional active cooling is required for deployments whose workload profile
matches YOLOVSs or lighter. In field deployments, the workload itself is also dynamic;
detection rate varies with scene content, traffic volume, and time of day, so the 19.1 W
inference figure represents a sustained worst case for this workload class rather than a
continuous draw, and headroom relative to the +40 °C throttling onset will in practice be
larger than the steady-state measurement suggests.

Several limitations should be considered when generalizing the results presented
here. A single device was tested, so inter-unit variance in the AGX Orin’s thermal and
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power behavior is not characterized. Similarly, only a single inference workload (YOLOv8s)
was evaluated end-to-end; together with the synthetic stress test, it brackets the operating
envelope, with the stress test as the worst-case upper bound and YOLOVSs as the realistic
deployed case, but intermediate workloads were not directly measured. The climate
chamber used in this study does not provide active cooling at the +40 °C setpoint, and
the chamber temperature drifted to +48 °C over the course of the test as it equilibrated
with the heat dissipated by the DUT and the surrounding environment. The device’s
behavior between these temperatures is therefore characterized by the endpoints rather
than a continuously controlled sweep, and the drift was not recorded in detail. In a real
outdoor deployment, the ambient is similarly uncontrolled and drifts with solar load, wind,
and time of day, so the +48 °C reached during the drift is informative as an upper-envelope
data point: the Jetson sustained throttled operation at this temperature without component
failure, but operation in this regime is degraded (reduced clocks, fluctuating power) and
should be treated as a transient tolerance rather than a steady-state design target. Finally,
long-term reliability factors relevant to outdoor deployment, such as fan wear, dust ingress,
and the effect of repeated thermal cycling, were not assessed. These factors directly affect
the +40 °C upper limit established in this work: the limit assumes the thermostat-controlled
fan operates at rated airflow, so fan degradation or partial inlet blockage by dust would
shift the throttling onset to a lower ambient, and repeated diurnal thermal cycling between
sub-zero and warm setpoints may accelerate solder-joint and connector fatigue over multi-
year deployments.[34] Extending the experiments to multiple AGX Orin units and to a
broader workload set (transformer detectors, multi-stream pipelines, larger YOLO variants)
is left for future work.

6. Conclusions

This work presented a thermal and power characterization of the NVIDIA Jetson AGX
Orin integrated into a realistic commercial enclosure across an ambient temperature range
from —20 °C to +40 °C, under two workloads:

*  Synthetic stress test;
¢  YOLOv8-based inference workload.

At sub-zero ambient temperatures, heat generated by the internal components partially
compensates for the cold environment, keeping the components within their operating
ranges down to —20 °C. At the upper end of the tested range, the Jetson CPU approached the
+99 °C throttling threshold, with thermal throttling activating at GPU/CPU temperatures of
approximately +95.6 °C and +99.0 °C. In one stress test, the chamber drifted from +40 °C
to +48 °C, which triggered thermal throttling, evident from a noticeable drop in power
consumption accompanied by significant fluctuations. This indicates that, in the present
configuration, the upper ambient limit of 4-40 °C is constrained by the cooling capability of
the Jetson module itself rather than by the surrounding components or the enclosure.

Under the tested inference workload at +40 °C ambient, the Jetson consumed on
average 19.1 W, compared to 36.5 W under the stress test, and CPU/GPU temperatures
remained well below the throttling threshold. This demonstrates that synthetic stress tests
overestimate the thermal and power demands compared to the tested inference workload,
and that the platform operates with substantial thermal margin under this workload. The
available margin for heavier or more parallel workloads cannot be inferred from the power
gap alone, since memory bandwidth, sustained-thermal coupling, and post-processing
load also affect achievable performance. Overall, the benchmark results show that the
Jetson AGX Orin sustains stable CPU and GPU temperatures alongside consistent inference
performance across the full tested ambient range from —20 °C to 440 °C, confirming it as a
reliable and efficient platform for outdoor edge Al deployments.
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Appendix A. Synthetic Stress Test Script

#!/bin/bash

PIDS=()
cleanup () {
echo "Stoppinguall processes..."
for pid in "${PIDS[@I}"; do
kill "$pid" 2>/dev/null
done
pkill -9 stress
exit 0

}
trap cleanup SIGINT SIGTERM

# Start recording system statistics with tegrastats utdl
echo "Starting,tegrastats"

tegrastats --readall --logfile tegrastats.log &
PIDS+=($!)

# Start recording system statistics with pythonm script with jtop library
echo "Starting,jtop,logger"

python3 ./jtop_logger.py &

PIDS+=($!)

sleep 10

# Start CPU stress test
echo "Starting CPUustress,test"
stress --cpu 8 --io 4 &

sleep 5

# Start streaming from cameras

echo "Start,of broadcast,from,cameras"

ffmpeg -rtsp_transport tcp -i "rtsp://root:{pass}@192.168.88.181/axis-media/media.amp?videocodec=h264&resolution=1920x1080&
fps=13" -c copy -f null /dev/null -loglevel error &

PIDS+=($!)

ffmpeg -rtsp_transport tcp -i "rtsp://root:{pass}@192.168.88.182/axis-media/media.amp?videocodec=h264&resolution=1920x1080&
fps=13" -c copy -f null /dev/null -loglevel error &

PIDS+=($!)

sleep 5
# Start GPU stress test
echo "Starting GPU.stress,test"

cd ./jetson-gpu-burn
./gpu_burn 1000000
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