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Summary

This study conducted an experiment to investigate whether virtual reality (VR) gaming in-
creases transmitted data and energy consumption compared to traditional desktop gaming,
and how this affects carbon emissions in a Wi-Fi network. The experiment compared a
desktop setup and a VR setup using the game War Thunder, while measuring network traf-
fic and energy consumption. The results showed that VR caused a large increase in trans-
mitted data, mainly because of rendered graphics being streamed to the headset. VR also
increased total energy use and total carbon emissions, but the energy use and carbon emis-
sions per MB were lower compared to the desktop setup. This means that VR is more de-
manding in absolute terms, but more efficient when measured per MB. The study also sug-
gests that if VR systems move from local networks to cloud-based systems, such as cloud

gaming, the impact on network traffic and emissions could become more significant.
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1 Introduction

As a result of changes in our climate with longer periods of drought, rapid and severe
weather changes and melting polar ice caps, there is good reason for improvements in sus-
tainability. Carbon emission awareness and various forms of goals that countries commit to
reaching, for example Agenda 2030 has become increasingly common globally. At the same
time technological development is moving at record speeds. While the revolutionary impact
of new technologies on humanity is widely discussed, their environmental cost in the form
of carbon emissions is often overlooked. One technology that has grown rapidly in recent
years is virtual reality (VR) and its application in gaming, which is used by millions of peo-
ple daily [1]. However, there is limited research on how much additional carbon emissions
VR gaming generates compared to traditional desktop gaming.

The main purpose of this study is to compare the carbon emission caused by VR gaming
and traditional desktop gaming in a Wi-Fi network. To achieve this, the study measures and
analyzes the amount of transmitted data and the energy consumption of both setups. The
outcomes are then used to calculate the resulting carbon emissions. By comparing the two
gaming environments, this study aims to quantify the climate impact of VR gaming and dis-
cuss its implications from both an individual and a global perspective.

1.1 Problem formulation

The objective of this study is to investigate the carbon emission differences between VR
gaming and traditional desktop gaming in Wi-Fi environments. This is done by measuring
transmitted network data and energy consumption and subsequently converting these val-
ues into carbon emissions. This study aims to answer the following research questions:

O1: Does VR gaming increase the amount of transmitted data compared to traditional
desktop gaming?

O2: If so, how much does this increase affect carbon emissions?

O3: Based on current trends and future predictions for VR and cloud gaming, what poten-
tial impact could this have on the broader carbon footprint of gaming on a local and global
scale?

2 Background

The rapid growth of digital technologies, particularly online gaming and VR, has raised
concerns about their contribution to global carbon emissions. While the direct consump-
tion of end-user devices is relatively understood, the indirect emissions from network infra-
structure and data transmission are more complex and often overlooked.

2.1 Energy consumption in data networks

Data transmission networks are significant but often underestimated part of the ICT sec-
tor’s carbon footprint. According to the International Energy Agency (IEA), data transmis-
sion networks consumed between 260 and 360 TWh of electricity globally in 2022, which is
approximately 1-1.5% of global electricity use. Mobile networks account for most of this
consumption, while fixed networks have shown strong efficiency improvements. [2]
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In wireless networks such as Wi-Fi, energy consumption is influenced by factors including
signal strength, interference data rate and the number of connected devices. Wi-Fi access
points generally consume more energy than wired ethernet switches, both during manufac-
turing and operation. [3]

2.2 Literature review: previous research

Research on the energy, bandwidth and carbon footprint of gaming has evolved in recent
times. Farlier studies such as Feng et al. [4] looked at network traffic in older online games.
Their findings were that bandwidth needs were typically low and constant, which was the
case for the less demanding graphics and networking needs of the time. However, these
findings are from a time before modern high-resolution streaming and the advent of VR
technologies.

As gaming graphics have evolved, and cloud-based gaming become more common, later
studies began to document much higher network and energy demands. Marsden et al. [5]
projected that the rise of cloud gaming could increase the sector’s carbon footprint by 30—
112% by 2030, mainly due to increased data transmission and the energy consumption of

data centers.

With the introduction of consumer VR, researchers have increasingly examined how im-
mersive systems reshape both traffic patterns and energy use. Kattakinda et al. [6] meas-
ured the Meta Quest 2 and found that VR gaming applications consume substantially more
energy than non-gaming VR applications, highlighting the computational intensity of ren-
dering interactive 3D environments.

More detailed network-level analyses reinforce this trend. Oliveira et al. [7] characterized
cloud-based VR traffic using the Meta Quest 3 and Steam Link. They identified a large vari-
ance in bandwidth, bursty downlink traffic, but steady traffic for head-tracking data. They
also showed that higher fidelity graphics is the biggest reason for increased bandwidth con-
sumption, suggesting that as graphics evolve, higher bandwidth will follow and conse-

quently the environmental impact will increase.

Furthermore, Polupanova et al. [8] created a dataset of VR traffic across multiple activities,
including gaming and did observe that gaming sessions often generate a disproportionately
larger share of traffic compared to other activities.

Finally, Zhao et al. [9] compared cloud VR setup with local VR setups and found that wire-
less cloud VR introduces higher network load, larger frame sizes, and stricter latency re-
quirements. Their findings highlight that wireless VR gaming amplifies both bandwidth and

energy demand compared to conventional gaming systems.
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Together, these studies create a timeline, from early low-bandwidth online gaming to mod-
ern VR and cloud-based gaming that creates higher demands on network and energy re-
quirements. This timeline provides the foundation for examining the carbon implications
of Wi-Fi traffic in desktop versus VR gaming.

2.3 Digital carbon footprint of gaming

Previous research on traditional gaming has shown that gaming traffic typically consists of
frequent small packets with relatively steady bitrates during active play. VR gaming,
especially when using wireless streaming solutions such as Air Link, significantly increases
data volumes because rendered frames and tracking data must be transmitted in real time
between the PC and the headset. [10]

Cloud gaming represents a growing trend that shifts computational load to data centers.
While this can reduce energy use on the client device, it increases network traffic and
energy consumption. Projections indicate strong growth in both VR device adoption and
cloud gaming revenues through 2026, suggesting a potential rise in the overall carbon
footprint. [11]

2.4 Wi-Fi traffic characteristics in gaming

Wi-Fi networks are commonly used for gaming due to their convenience, but they intro-

duce challenges related to latency, jitter and bandwidth variability.

In VR gaming, the PC must stream high-resolution stereoscopic video and continuous
head-tracking data to the headset in real time. This requires significantly higher bandwidth
and lower latency compared to traditional desktop gaming, where the graphics are rendered
locally on the monitor. These differences make Wi-Fi traffic particularly important when

comparing network load and energy consumption between the two setups.

3 Methodology

This study employs a controlled experimental design to compare transmitted network data,
energy consumption and resulting carbon emissions between traditional desktop

gaming and VR gaming in a Wi-Fi environment. All measurements were conducted under
as identical conditions as possible to ensure reliable results.

3.1 Experimental setup

The experiment was performed using the same PC hardware for both setups, see table 1.
The game used was War Thunder (version 2.53), played in the Realistic Battles mode. To
ensure consistency, each one-hour measurement session followed the same structure:
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e Sminutes in the hangar/menu (loading and preparation)
e 45-50 minutes in active realistic air battles (primarily flying fighter planes to main-
tain similar gameplay intensity)
¢ Remaining time in post-match screens or returning to hangar
This structure minimizes variation caused by different game modes. The same mission
type, map selection (when possible), and playstyle were maintained between desktop and

VR sessions. Measurements started only after the player had entered an active match and
excluded initial game loading where possible.

The Wi-Fi protocol in use is 802.11ac that runs on the 5 GHz band and channel 48

Figure 1. Picture of the physical setup.

Desktop setup (A): The PC was connected wirelessly to the router (802.11ac, 5 GHz,
channel 48). Output was displayed on a 24” monitor (1920x1080, 144 Hz). Input devices
were keyboard and mouse.

VR setup (B): The same PC was used, but the display was streamed to a Meta Quest 2
headset via Air Link. The headset was connected to the same Wi-Fi network.

3.2 Equipment and software

All equipment and software used in the experiment can be found in table 1, they will also

be given a brief description below.

3.1.1 Steam

Steam is the largest digital distribution platform for PC games and is the leading online
gaming platform worldwide [12]. Steam is used in this experiment to download and install
War Thunder on the computer, which is the game that will be used in the experiment.

3.1.2 War Thunder

To be able to carry out our measurements, a game needs to be played. This experiment will
use the game War Thunder, which will be played while we measure the amount of traffic
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and power consumption. War Thunder is a combat game that is both VR and desktop
compatible, free to play and compatible with the Meta quest 2 which is used in this experi-
ment.

3.1.3 Wi-Firouter & software

The router used is a Netgear wndr 3700. To capture the amount transmitted bits, both up-
load and download, during active gameplay in the game “War Thunder”. It will be using
the pre-installed software Netgear Genie. Netgear Genie has a function within its software,
under the advanced tab, that captures bandwidth usage on different ports which makes it
easy to copy the data and reset the counter, see figure 2. Considering the experiment does
not require packet capture, like Wireshark, but only a bandwidth counter, Netgear Genie is
suitable.

3.1.4 Energy meter bpmO001s

It is a grounded energy meter used in this survey that plugs directly into the wall socket
(230 V). It is used to measure the electricity consumption of the appliance you want to
measure. That allows you to keep track of electricity consumption of any device in your
home that connects to an outlet. For the experiment to fulfill its entire purpose, it needs to
measure electricity consumption during gaming and have them as part of the calculation in
carbon emissions.

3.1.5 Meta quest 2

This is the wireless VR headset that is used in the experiment when War Thunder is played.
The Meta quest 2 is known for its high performance and is the most PC-compatible of the
later versions of VR headsets. Therefore, it is a good choice of equipment in this experi-
ment.

3.1.6 Carbon emission

This study aims to find out how much increases in data traffic and convert it into “carbon
emission”. It refers to the release of carbon, specifically CO2, into the atmosphere. The re-
sult can then be linked to the climate goals that all 193 countries have committed to achiev-
ing by 2030, within the framework of the UN [13].
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VR Equipment Meta Quest 2

Measurement software Netgear Genie

Game application War Thunder v2.53

VR game application War Thunder VR v2.53

Screen for PC AOC 24G1WG4 (1920x1080 144hz)

Energy meter Clas ohlson Energy Meter BPM001S

PC specifications

CPU Intel Core i5 @ 2.90GHz

GPU NVIDIA GeForce GTX 1660 Ti

RAM 16GB Dual-Channel DDR4 @
1330MHz

Motherboard HP 84FD (U3E1)

Storage TOSHIBA SSD 476GB

Operating system Windows 11 Home 64bit

Router Netgear WNDR3700

Table 1. Equipment specifications

T Stams | Toms | Reks |

WAN 1D0OMFull 3811356 5866871 1] 21954 28152

LAN1 Link down
LANZ Link down
LANZ Link dawn
LAN4 Link down
224G WLAN big/n 1458 [+] (1] 0 0 1]
506G WLAN aln 3008 6136420 3995919 0 20032 23336
[ Resot  [NAET TR [ Stop |

Figure 2. Cropped screenshot from Netgear Genie’s Advanced statistics.

3.3 Data collection and procedure

Network traffic (upload and download in MB) was measured using the routers built-in tool
Netgear Genie under the Advanced > Traffic Meter tab. The counter was reset at the start
of each one-hour session. Both upload and download values were recorded.

Energy consumption was measured using CLAS Ohlson BPMO001S energy meters:

e  One meter for the router
e One meter for the PC
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e VR headset consumption was calculated from battery capacity (14Wh)
divided by measured runtime until depletion (approximately 4.6-5 Wh per hour)

Ten one-hour sessions were concluded for each setup (desktop and VR), resulting in 20
hours of total gameplay data.

3.4 Formulas used for calculations

e Total data transmitted

MBTotal = MBDownload + MBUpload

e Total energy consumption

kVVhTotal = k\thRouter + k\NhPC + kWhHeadset (VR only)

e Energy efficiency per data unit

k\NhTotal

kWh per MB = ————
MBTotal

e Carbon emissions per hours (grams COzeq)

CO,(g) = kWhrey X EF

Where EF = Emission Factor = 18 ¢ CO,eq/kWh (Sweden, 2025) [14].

e Carbon emissions per MB

KWho,
CO,(g/MB) = (ﬁ) X EF
M Total
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4 Results

4.1 Desktop gaming results.

Hour | MB download | MB upload | MB Total | Router kWh | AVR PC kWh | kWh per MB
1 43,91 27,34 71,25 0,004 0,311 0,0044
2 45,89 35,11 81,00 0,005 0,311 0,0039
3 49,25 36,93 86,18 0,004 0,311 0,0037
4 49,48 32,66 82,14 0,006 0,311 0,0039
5 48,36 35,21 83,57 0,004 0,311 0,0038
6 50,35 40,08 90,43 0,007 0,311 0,0035
7 47,26 34,06 81,32 0,006 0,311 0,0039
8 44,64 35,61 80,25 0,006 0,311 0,0040
9 48,01 37,00 85,01 0,006 0,311 0,0037
10 44,11 32,69 76,80 0,008 0,311 0,0042
Table 2. Raw desktop gaming results
MB MB
AVR/SD Download Upload MB Total kWh Router kWh PC | kWh Total kWh/MB
Average 47,126 | 34,669 81,795 0,006 0,311 0,317 0,004
SD 2,234 3,213 4,968 0,001 0,000 0,001 0,0003
Table 3. Averages and standard deviation of desktop gaming results.
Desktop Total MB/Hour
100,00
90,00 ® @
80,00 = = N C 0 = =
" 70,00 ]
£ 60,00
< 50,00
& 40,00
& )
30,00
20,00
10,00
0,00
1 2 3 4 6 8 9 10
hour
e qvr tot ® Desktop MB Total *SD

Figure 3. Scatter plot chart with average and standard deviation for desktop gaming.
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4.2 VR gaming results.

VR Router VR Headset
Hour | MB download | MB upload | MB Total | kWh Vr PC kWh | kwh kWh perMB
1 1100,45 27967,90 | 29068,35 0,013 0,320 0,005 0,000012
2 1108,32 37824,95 | 38933,27 0,014 0,320 0,005 0,000009
3 1114,39 35494,08 | 36608,47 0,014 0,320 0,005 0,000009
4 1136,27 37734,49 | 38870,76 0,013 0,320 0,005 0,000009
5 1118,40 34960,30 | 36078,70 0,012 0,320 0,005 0,000009
6 1123,23 32412,06 | 33535,29 0,013 0,320 0,005 0,000010
7 1165,62 34615,92 | 35781,54 0,012 0,320 0,005 0,000009
8 1123,45 34030,67 | 35154,12 0,013 0,320 0,005 0,000010
9 1106,80 36937,62 | 38044,42 0,014 0,320 0,005 0,000009
10 1124,94 36384,67 | 37509,61 0,014 0,320 0,005 0,000009
Table 4. Raw VR gaming results.
MB down- | MB Headset
Avr/SD |load upload MB Total | Router kWh | PC kWh | kWh kWh Total | kWh/MB
Average 1122,19 | 34836,27 | 35958,45 0,013 0,320 0,005 0,338 0,000009
SD 18,47 | 2950,37| 2954,26 0,004 | 0,000 0,000 0,004 | 0,000001
Table 5. Averages and standard deviation of VR gaming results.
VR Total MB/hour
40000,00 & ®
35000,00 = o . & - = J
30000,00 ®
& 25000,00
-§ 20000,00
oo
£ 15000,00
10000,00
5000,00
0,00
1 2 3 4 5 6 7 8 9 10
Hour
e VT tot ® VRMBTotal +SD

Figure 4. Scatter plot chart with average and standard deviation for VR gaming.
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4.3 Comparative results.

MB Router | PC Headset |kWh
Setup Download | MB Upload  MB Total | kWh kWh | kWh Total | kWh/MB
Desktop 47,13 34,67 81,80 0,006 0,311 N/A| 0,317 0,00387
VR 1122,19 34836,27 | 35958,45| 0,013 0,320 0,005 | 0,338 0,00001
Table 6. Comparative averages of both setups.
Pure kWh Comparison
0,4
0,35
0,3
0,25
I
= 02
4
0,15
0,1
0,05
0
1 2 3 4 5 6 7 8 9 10

Hour

W Dekstop kWh total  ® VR kWh total

Figure 5. comparative results of pure energy consumption.

5 Analysis

There are many expected and unexpected results so in this chapter we are going to dive
into the results of our experiment and analyze our findings.

5.1 Bandwidth comparison

Despite the huge difference in bandwidth between the two setups in both upload and
download this isn’t as surprising as it might seem. Both experiments yielded expected re-
sults because of the difference in how these technologies work. Starting off by focusing on
the “desktop” findings, see table 2 and 3, this bandwidth traffic is just the communication
between the game server and our computer. Majority of computations and all rendering are
local to the computer and don’t need to travel over the network. Hence this means that the
amount of traffic is relatively steady, as observed in figure 3, as the game always has the
same number of players and very little variance that could affect it. This finding is also seen
in other online games such as Counter Strike where Feng et al. also found that data trans-
mission was relatively low, steady and predictable [4].

Now if compared to the VR results, see table 4 and 5, the difference is massive, about
45000%, but not unexpected and in line with what previous research has found regarding
VR gaming [7]. What happens when the VR headset connects to the Wi-Fi with Airlink and
then to the PC is that the PC is still doing computations and rendering for the game. But

12
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now instead of transferring this information to a screen that is plugged in via HDMI for
example, it now streams all this information over the network to the VR headset that is in
return displaying said information [15]. Comparing the upload and download of the VR
setup in figure 4, one can also see a big difference in bandwidth, but this is also expected.
The upload in this case is the amount of data that the PC streams as mentioned earlier, and
the download is the information sent from the headset back to the computer. Now this is
much lower than the upload but comparatively still very high compared to the other setups
results. The download includes all the data that the headset transmits whenever the user
moves their head to make sure that the virtual content aligns with the users’ movements
[14]. It can thus be concluded that regarding the first objective (O1) of this study that yes,
VR does increase the amount of transmitted data. However, it is important to note that in
this setup the increase in data is only over our local area network.

5.2 Energy and energy per MB comparison

A detailed hour by hour can be seen in tables 2-5 and total averages in table 6, where en-
ergy consumption also increased during the VR experiment. While the difference isn’t
45000% like total bandwidth between the two setups, it is still notable even if still expected.
As shown, energy consumption of the router, the PC and the VR headset have been gath-
ered and in figure 5 they’ve been added together in order to give a clear visual view of the
difference.

The router increased from an average of 6watts to 13watts per hour, which is an increase of
116%. While it’s a big number percentage wise, the absolute energy usage is still relatively
low. The PC on the other hand went from 311watts to 320watts per hour, an increase of
roughly 2.8%. Furthermore, the VR headset didn’t have an increase, it simply went from
not being active in setup (a) to active in setup (b). To calculate the energy usage of the VR
headset, one can take the batteries total charge of 14Wh and divide it by the number of
hours it took before it had to be recharged, which was 3 hours. This calculation provides
energy usage of 4.6watts per hour or rounded up to 5Swatts per hour.

It can be concluded that setup (b) with VR does use more energy, however this does not
capture the full complexity of the experiments. To give a more accurate comparison one
needs to look at the energy usage per transmitted megabyte of data which can be found in
table 2 and 4, and where the averages are shown in table 6. The calculation to get to this
number is: kWh/MB and shows how much enetrgy every MB consumes. Now if compared,
these kWh/MB numbers between table 2 and 4, a very different picture appears to what
was assumed by just looking at total energy consumption. For this study it can be con-
cluded that absolute energy consumption is indeed higher using VR in setup (b). But it is
still worth mentioning that VR is simultaneously also more energy efficient in terms of en-
ergy per megabyte when considering the high amount of traffic.

13
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5.3 Carbon emission estimates

To understand the carbon emission impact of our results and answer our second objective
(O2), there’re a few mathematical calculations needed as well as some new information to
consider. The new information needed to calculate the emissions of each setup is the emis-
sion factor. For Sweden the emission factor was 18g CO2eq/kWh for 2025 [16]. With that
information together with the already known kWh values from each respective setup per
hour and using the following formula: CO2 (grams) = kWh * CO2/kWh. The results of

this can be viewed in figure 7 below where VR consistently generates more grams of Co2

per hour.
Emissions per hour

7,00

6,00

5,00

g 4,00
©

& 3,00

2,00

1,00

0,00

1 2 3 4 5 6 7 8 9 10

Hour

M Desktop CO2/h  E VR CO2/h

Figure 6. Emissions per hour of both setups.

This result is expected since it’s already established that setup (b) used more energy than
(a), naturally the emissions would follow. Viewing Figure 6 it shows that VR does indeed,
due to increase in energy usage because of increased network load and the addition of the
headset, leading to an increase in carbon emissions. To answer the second objective (O2)
of this study, the increase in carbon emissions shows an ~7% increase when using VR.

To derive how much each megabyte of data produces in carbon emission this formula can
be used instead: CO2(g/MB) = kWh/MB * CO2eq/kWh. The result of this calculation can
be found in the following table 7. While our study isn’t focused on breaking the results
down into Co2 per megabyte but rather just if VR increases Co2 emissions, it is still a find-

ing that could be taken into consideration in future research.
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Desktop CO2/MB VR CO2/MB

0,0796 0,0003
0,0702 0,0002
0,0658 0,0002
0,0695 0,0002
0,0678 0,0002
0,0633 0,0002
0,0702 0,0002
0,0711 0,0002
0,0671 0,0002
0,0748 0,0002

Table 7. Grams of carbon emission per megabyte of data.

6 Discussion

The aim of the experiment was to answer the three objectives listed at the start. The first
objective was to measure transmitted data from both setups and see if the use of VR would
lead to an increase. Based on the findings, illustrated in chapter 4 and 5, it can be con-
cluded that the data transmission does in fact increase which could be explained by the
computer now streaming the rendering over the network to the VR headset.

The second objective was how this could affect carbon emissions. This study concludes
that yes, even with the data never leaving the local network there is an increase in carbon
emissions, explained mostly by the fact that energy consumption went up with the use of
VR. However, it’s also important to note that while energy consumption has gone up, the
energy and CO2 per MB is much lower when using VR. This creates two possible equally
ruthful interpretations from a sustainability perspective: one is that VR is more efficient per
MB, while the other is that it still leads to higher total energy usage and therefore higher to-

tal emissions.

So far, this study has been contained to the data transmissions being mostly local, apart
from the relatively small amount of communication between the computer and the game
server. But regarding objective 3(O3) of this study, what if the data were not restricted to
the local network? The number of VR/AR (augmented reality) devices are reported to in-
crease from 17.8 million units in 2023 to almost 31 million units in 2026, an increase of
close to 75% [16]. Simultaneously, revenue from cloud gaming services has gone from
roughly 4 billion USD in 2023 to roughly 12 billion in 2026 [17]. If more VR devices are
connected to cloud computers in the future, then the large amount of data observed in this
study would no longer stay within a local network but instead travel over the internet. This
would mean that more network devices, such as routers, switches, and firewalls, would

need to process the traffic.

Although the findings of this study are useful, there are several limitations that may affect

how broadly they can be applied. This experiment only used one game to generate data for
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transmission, different games render different graphics which could generate a different re-
sult, thus it cannot be broadly generalized for many games. Only one router was also used,
and other routers could handle increase in data transmission differently, resulting in energy
usage being higher or lower. Access to VR equipment was also limited to what Open Lab
at Hogskolan Vist could lend out and it could influence the results. Additional limitation is
that our data transmission was restricted to our local network. While this did generate a
baseline of how much data is transmitted between the computer and the VR headset, it
would have been interesting to see how things got affected if this data transferred over the

internet or a simulated larger network with different devices.

7 Conclusion

This study aimed out to compare a desktop setup and a VR setup in terms of transmitted
data, energy use, and carbon emissions. The findings showed that VR greatly increased
bandwidth usage, which is explained by the need to stream rendered content and track data
to and from the headset. VR also increased total energy consumption and total carbon
emissions, although the energy use and CO2 per MB were lower than in the desktop setup.
Overall, the results show that VR is more demanding in absolute terms, but more efficient
when measured per unit of data. This means that the environmental impact of VR depends
on which metric is used, and it may become even more relevant as VR systems and cloud-

based gaming continue to grow.
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