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Abstract—Video streaming dominates global Internet traffic
and contributes significantly to worldwide greenhouse gas emis-
sions, making network orchestration a key lever for sustainabil-
ity. However, current orchestration mechanisms remain largely
performance-driven, optimizing traditional key performance
indicators while neglecting sustainability dimensions, spatio-
temporal variations in grid carbon intensity, and performance-
driven rebound effects. This paper presents GreenTent, an intent-
based orchestration framework that integrates sustainability by
design into video streaming service delivery. GreenTent leverages
Intent-Based Networking (IBN) to translate high-level service
requests into joint performance and sustainability objectives,
and a Digital Twin Network (DTN) to enable carbon-aware
orchestration by combining Software-Defined Networking (SDN)
state with external energy and emission indicators. A two-
phase orchestration logic jointly optimizes topology activation
and request-level routing while explicitly accounting for rebound
effects. Experimental evaluation shows that GreenTent improves
carbon efficiency compared to throughput-optimized and energy-
aware baselines, without degrading user-perceived performance,
demonstrating the feasibility of sustainability-aware orchestra-
tion for future 6G networks.

Keywords—Intent-based orchestration, software-defined net-
working, sustainable networks, Key Value Indicators, digital
twins.

I. INTRODUCTION

Video streaming accounts for approximately 65% of global
Internet traffic and contributes nearly 3.7% of worldwide
greenhouse gas (GHG) emissions, making communication
networks a non-negligible contributor to environment-related
Sustainable Development Goals (SDGs) [1]. As traffic demand
continues to grow toward increasingly data-intensive 6G ser-
vices, sustainability is becoming a key concern in network
design. Nevertheless, network orchestration remains largely
performance-driven: provider selection, routing, and resource
allocation are optimized for traditional Key Performance In-
dicators (KPIs), while environmental dimensions, formalized
as Key Value Indicators (KVIs), are mostly absent from
operational decision-making [2].

This gap reflects the lack of sustainability-by-design in cur-
rent network control frameworks. The environmental impact
of end-to-end service delivery is inherently dynamic, varying
over time with electricity grid carbon intensity and across
space with the energy efficiency of network technologies.
Moreover, sustainability is often reduced to energy efficiency,
overlooking rebound effects, i.e., situations in which efficiency

gains induce increased demand that offsets expected environ-
mental benefits. In video streaming, for instance, improved
transmission efficiency may encourage users to adopt higher
quality tiers (e.g., 4K instead of 1080p), increasing aggregate
traffic volumes and potentially diminishing energy savings in
the absence of low-carbon energy sources [3].

While energy-aware routing and sustainability-oriented ser-
vice placement have been widely investigated [4]-[11], most
existing approaches optimize energy consumption as an iso-
lated sustainability metric, often decoupled from traditional
KPIs. This separation limits practical deployability and fails
to capture performance-driven demand rebound, calling for
orchestration mechanisms that jointly address performance and
sustainability objectives from the service design phase onward.

In this paper, we propose GreenTent, an intent-based orches-
tration framework that embeds sustainability directly into net-
work service design and operation. Using video streaming as a
representative use case, GreenTent integrates KVIs into service
intents, enabling sustainability objectives to be expressed
alongside traditional performance requirements. Leveraging
Intent-Based Networking (IBN), high-level intents are trans-
lated into quantifiable KPIs and KVIs, which are jointly
evaluated through a Digital Twin Network (DTN) combining
network state information from an Software Defined Network-
ing (SDN) controller with energy-related parameters obtained
via lightweight HTTP Application Programming Interfaces
(APIs) calls. An ONOS-based prototype and Mininet-based
evaluation demonstrate that GreenTent significantly improves
carbon efficiency compared to throughput-optimized baselines,
without degrading traditional KPIs, highlighting the feasibility
of sustainability-aware orchestration for future 6G networks.

The remainder of this paper is organized as follows. Sec-
tion II reviews related work. Section III presents the Green-
Tent platform. Section IV evaluates the proposed framework.
Section V concludes the paper.

II. BACKGROUND AND MOTIVATION

A substantial body of research has investigated energy-
efficient routing, resource allocation, and service placement
mechanisms for multimedia services [4]-[10]. Representative
approaches include energy-aware network selection based on
multi-criteria decision-making [6], adaptive super-resolution
for delay-sensitive video delivery [7], and energy-efficient
edge processing under quality constraints [8]. While these



works demonstrate the feasibility of incorporating energy
awareness into network orchestration, they typically optimize
energy efficiency as a single objective and rely on centralized
or device-centric control paradigms, limiting their ability to
capture system-level interactions between performance, de-
mand, and environmental impact. In parallel, orchestration
frameworks compatible with SDN control planes and leverag-
ing the IBN paradigm have gained increasing attention [11]-
[15]. By abstracting low-level network configurations through
declarative intent specification, IBN enables operators to ex-
press service objectives while the system derives and enforces
the corresponding policies. However, most existing intent-
based solutions remain focused on optimizing traditional KPlIs,
with sustainability objectives largely excluded from the or-
chestration loop. Networking infrastructures therefore play a
dual role in the sustainability landscape: they enable progress
toward the United Nations (UN) SDGs, while simultaneously
generating environmental and societal externalities, includ-
ing GHGs emissions and digital inclusivity challenges. This
tension is exacerbated by performance-centric orchestration,
particularly in light of the spatio-temporal heterogeneity of
sustainability profiles, where carbon intensity varies over time
and across locations, and network technologies exhibit hetero-
geneous energy efficiency characteristics.

In our prior works [14], [15], we partially addressed this gap
by mapping service intents to both KPIs and KVIs through
multi-objective orchestration. However, these approaches do
not explicitly account for efficiency-driven demand rebound
effects, which are especially relevant for long-term economic
sustainability, high-bandwidth, quality-adaptive services such
as video streaming. Building on these observations, this paper
introduces GreenTent, an intent-based orchestration framework
that jointly optimizes video quality and carbon efficiency while
explicitly mitigating rebound effects. A DTN enables informed
orchestration decisions by combining SDN-derived network
state with energy-related parameters obtained via lightweight
HTTP APIs calls, unifying performance and environmental
sustainability objectives within a single orchestration loop.

III. PROPOSED FRAMEWORK

This section presents the GreenTent framework, outlin-
ing its functional workflow and architectural components
for sustainability-aware orchestration. Figure 1 illustrates the
main functional blocks of GreenTent, namely Intent Profiling
and Translation, Intent Orchestration, and Intent Assurance,
instantiated for a video streaming use case. Users interact
with the system through the Intent Profiling front-end (e.g.,
a conversational interface) by submitting high-level service
requests that specify only the desired service quality. In
practice, users select a content item and a subscription plan
corresponding to a target quality level, thereby expressing
service-level requirements in terms of traditional KPIs without
explicitly handling sustainability aspects. Sustainability ob-
jectives are implicitly inferred by the system based on the
operational and energy conditions of the underlying infras-
tructure. Each service request is therefore associated with

a minimum carbon-efficiency requirement, expressed as a
sustainability KVI and formally defined in the system model
described in the following subsection. The resulting intent,
capturing both performance and sustainability objectives, is
then processed by the Intent Orchestration module. Intent
Orchestration operates on a unified virtual representation of
the infrastructure, modeled as a DTN. The DTN maintains
an up-to-date view of network topology, link capacities, node
states, server availability, and energy profiles, combining SDN-
derived network information with time-varying grid carbon
intensity obtained from external data sources. This integra-
tion enables orchestration decisions that jointly account for
performance constraints and environmental impact. Based on
the DTN, GreenTent selects video servers and end-to-end
delivery paths for active service requests, satisfying user-
defined performance requirements while enforcing the sus-
tainability KVI. Finally, GreenTent supports continuous Intent
Assurance by monitoring the alignment between deployed
configurations and intent specifications, enabling adaptive and
carbon-aware service management under dynamic network and
energy conditions.

A. System Model

The network infrastructure, represented through a DTN, is
modeled as a directed graph G = (V,E), where V denotes the
set of network nodes and [E the set of directed communication
links. Each link e € E is characterized by a finite capacity C,
(in Mbps) and a baseline power consumption P, (in W), repre-
senting the power required to keep the link active. In line with
empirical observations, link power consumption is assumed to
be largely independent of the carried traffic, as traffic-induced
variations are marginal over a wide range of operating condi-
tions [16]. Accordingly, link energy consumption is modeled
as a constant baseline component. The node set V comprises:
(i) the set of user devices U = {uq,.. LUK} issu-
ing service requests; (ii) the set of candidate video servers
S={s1,...,8j,...,8s} delivering video streams at multiple
quality levels; and (iii) the set of intermediate network nodes
(e.g., switches and routers) N = {nq, .. .,nw }. Each
node v € V is associated with a constant power consumption
P, (in W), which accounts for processing, forwarding, and
terminal operations, and captures the baseline energy cost of
keeping the node active. In line with [17], communication links
are assumed to exhibit traffic-independent power consumption,
as the power required to process traffic flows varies only
marginally over a wide range of traffic loads (e.g., 100-200
mW).

The environmental impact of the infrastructure is character-
ized through a grid emission factor EF' (in kgCO2e/kWh).
For the sake of simplicity, it is assumed to be equal to
the global average, and it represents the greenhouse gas
emissions associated with the electricity mix powering the
network. This factor enables the estimation of CO5-equivalent
emissions from the power consumption of network elements.
Accordingly, we define the carbon-weighted baseload power of
a network element as the COye emissions associated with its
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Fig. 1. The proposed intent-based orchestration framework.

baseline energy use. For a link e and a node v, these quantities
are given by ®. = P, - EF' and &, = P, - E'F, respectively.
Each user u; € U can generate a video streaming re-
quest 7, described by the tuple (b(gx),n}"™). The parameter
b(gr) (in Mbps) denotes the target bitrate associated with
the user subscription plan and is fixed as a function of the
requested video quality level ¢ (e.g., 720p, 1080p, 2160p).
The minimum carbon-efficiency requirement n,‘fin represents
a sustainability constraint, quantifying the minimum amount
of data that must be delivered per unit of emitted kgCOqe.
This parameter is not explicitly specified by the user, but is
inferred by the framework based on the operational state and
power conditions of the underlying network infrastructure.
We define I'y, s, = {71, Ym,..., 7} as the set of
candidate configurations corresponding to feasible end-to-end
paths connecting user uy, to a candidate video server s;. For
the evaluation of these configurations, we adopt a steady-
state, per-unit-time model, in which the delivered data rate
associated with request 7 is b(gx) and sustainability-related
quantities are expressed in terms of instantaneous power
consumption. This modeling choice enables a consistent com-
parison of alternative configurations under dynamic network
and energy conditions, as required by online orchestration.

B. Sustainability-Aware Orchestration Logic

The sustainability-aware orchestration logic aims at jointly
satisfying user performance requirements and infrastructure
sustainability constraints. Building on the system model intro-
duced in Section III-A, it operates on the DTN representation
of the network and is articulated into two sequential phases:
Topology Reduction and Request-Level Orchestration. Both
phases are followed by an Intent Assurance and Thresh-
old Adaptation step, which monitors the alignment between
service intents and deployed configurations and adaptively
updates the minimum carbon-efficiency threshold n}cni“. The
overall procedure is summarized in Algorithm 1.

Phase 1: Topology Reduction: The objective of Phase 1
is to reduce the baseline carbon footprint of the network
by switching off nodes and links that are not required to
sustain the current set of requests, while preserving end-to-

Algorithm 1: GreenTent Sustainability-Aware Orches-
tration

Input: Network graph G = (V,E); requests rj with
bitrate b(qy) and threshold 7iin

Output: Server selection and routing configuration
Phase 1: Topology Reduction;
Rank v€V and e€E by decreasing ®,,, ®.;
foreach x ¢ VUE do

Temporarily deactivate z;

if Iry with no feasible path uj, — s; then

L Reactivate x;

Obtain reduced graph G’;

Phase 2: Request-Level Orchestration (Hard);
Congestion list < (;
foreach r; do
Select v, €1y, s, On G’ minimizing —Mk,s;5
if de €y, 2 b(qr) > Ce or ny s, <™ then
L Congestion list «+— Congestion list U {7 };

else
L Install ~,, and update capacities;

Update graph G”;
Phase 2 (Refined): Penalized Selection;
if Congestion list # () then
Re-run Phase 1 on G” to obtain G’
foreach r, € R, do
Select 7y, minimizing J (ym);
if Je€ vy, @ b(gr) > C. then
L continue;

Install ~,,, update capacities;
if ny s, <m"" then
L Mark rj, as allocated with violation;

Intent Assurance;
Update ™™™ using Egs. (6)~(7);




end connectivity between users wuy issuing requests r; and
at least one eligible server s;. Starting from the original
graph G = (V,E), nodes and links are ranked in decreasing
order of their carbon-weighted baseload power consumption,
denoted by @, for nodes and ®. for links, respectively. An
iterative pruning procedure is first applied to network nodes.
At each iteration, a candidate node v € V and all its incident
links are temporarily deactivated. The orchestrator then verifies
whether, for every request ry, at least one feasible commu-
nication path still exists between the corresponding user uy
and an eligible server s;. If this condition holds, the node is
removed from the operational topology; otherwise, the node
and its incident links are kept active. Once node-level pruning
is completed, the same procedure is applied to communication
links e € E, deactivating only those links whose removal does
not compromise reachability for any active request. At the end
of Phase 1, a reduced graph G’ = (V’',E’) is obtained, rep-
resenting a lower-carbon operational topology that preserves
service reachability for the current set of requests.

Phase 2: Request-Level Orchestration: Phase 2 aims at
determining, for each service request r, a server—path config-
uration that enforces both (i) performance constraints in terms
of residual link capacities and (ii) sustainability constraints in
terms of minimum carbon efficiency. Starting from the reduced
graph G’ = (V' E'), a Dijkstra-based algorithm is applied for
each request 7, to identify a candidate path ~,,, connecting the
user uy to a candidate server s; that maximizes carbon effi-
ciency, i.e., minimizes the negative carbon-efficiency metric.

For a candidate path ~,,, the total end-to-end power con-
sumption is computed as

P, => P+ > P, (1)

VEYm e€Ym

where P, and P, denote the baseline power consumption of
node v and link e, respectively. The corresponding carbon
emission rate is

-EF

P Ym

G = 367100 @

and the resulting carbon efficiency is s, = bcg%) expressed
in bits/kgCO4e, where b(qy,) denotes the bitrate associated with
the requested video quality level q. For each candidate path,
the orchestrator verifies two conditions: (i) all links along
vm must provide sufficient residual capacity to support the
requested bitrate b(gy ), and (ii) the achieved carbon efficiency
must satisfy the minimum threshold n}"™™. If both conditions
hold, the path is translated into forwarding rules, deployed
by the network controller, and link capacities are updated
accordingly, enabling video delivery. Otherwise, the request
is temporarily deferred and inserted into a congestion list.
After processing all requests, an updated graph G” = (V' E")
is obtained, reflecting the new residual link capacities. This
graph, together with the requests stored in the congestion
list, is fed back as input to Phase 1, which is re-executed
to selectively reactivate nodes and links that may be required
after capacity updates, while still guaranteeing connectivity
between each requesting user and at least one eligible server.

A refined path-selection strategy is then applied to deferred
requests. Specifically, a modified Dijkstra-based algorithm
with incremental penalization is used to generate candidate
paths. The incremental cost of extending a partial path includes
a quadratic penalty that reflects potential violations of the
minimum carbon-efficiency threshold 7™, thereby favoring
paths that are more likely to satisfy sustainability constraints
while remaining computationally efficient.

Candidate paths are ranked by minimizing the following
cost function:

min 2
T (Ym) = —Nk,s; + - (max(0, ™ = nes,))”,  (3)

where 4 is a tunable parameter controlling the severity of the
penalty. Higher values of p enforce stricter adherence to the
sustainability threshold, whereas lower values allow greater
flexibility under congested or resource-limited conditions. For
the selected candidate path, performance and sustainability
constraints are evaluated again. If both constraints are satisfied,
the request is admitted normally, forwarding rules are installed,
link capacities are updated, and video delivery proceeds. If
one or both constraints are violated, the request is admitted
nonetheless to preserve service continuity; the path is installed,
but the request is explicitly marked as allocated with violation.
Such violation events act as early-warning signals for the
infrastructure provider, indicating a misalignment between the
embedded sustainability requirement and the current network
state. These events are subsequently exploited by the Intent
Assurance mechanism to recalibrate the minimum carbon-
efficiency threshold #™". Overall, this approach enables a
gradual relaxation of hard constraints: the algorithm first
attempts to strictly enforce performance and sustainability
objectives and, when no feasible solution exists, progressively
explores controlled suboptimal alternatives to ensure continu-
ity of service while maintaining awareness of sustainability
degradation.

Intent Assurance and Threshold Adaptation: Threshold
adaptation is performed a posteriori by monitoring sustainabil-
ity violations over an observation interval of duration At. For
each service request 7, let z, € {0,1} denote an indicator
variable that signals a non-compliant admission (i.e., equal to
1 if at least one constraint is violated and 0 otherwise). Given
the set of requests served during At, the empirical probability
of violation is defined as

K
1
Pemp(At) = ? § Tk, 4)
k=1

where K denotes the number of requests handled within the
observation interval. To complement empirical observations
with a stochastic estimate, violation events are modeled as
realizations of a Poisson process. Let A(At) denote the ex-
pected average number of violation events observed during
At, estimated from the empirical frequency of violations.
Under this assumption, the probability of observing at least
one violation within the interval is given by

Prod(At) =1 — e NAY, (5)
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Fig. 2. Perceived video quality for the first service request under (a) GreenTent, (b) throughput-oriented orchestration (TO), and (c) energy-aware application-

level approach (EA).

The effective probability of violation is obtained by com-
bining empirical measurements and model-based estimation:

P(AL) = a - Puoa(AL) + (1 — @) - Pemp(At),  (6)
where « € [0, 1] balances analytical modeling and measured
data. Finally, the minimum carbon-efficiency threshold is
adaptively updated at the end of each observation interval
according to

MR+ AL = (1= P(AL) - 1 (8), (7

thereby aligning the sustainability requirement with the carbon
efficiency that is realistically achievable under current network
and energy conditions and providing the baseline for the
subsequent orchestration cycle.

C. Complexity Analysis

The overall computational cost is dominated by the
topology-reduction phase, which combines iterative pruning
with repeated reachability checks, yielding a worst-case com-
plexity of O<|U| (V] + |IE|)2>, where |U| is the number
of active service requests. By contrast, Phase 2 performs a
Dijkstra-based path computation for each request, resulting in
a complexity of O(|U| - (|E| 4 |V]log |[V])).

IV. PERFORMANCE EVALUATION

The effectiveness of GreenTent in provider selection and
adaptive orchestration is evaluated on a Mininet-emulated
testbed managed by the ONOS controller, deployed on an
Intel Core i17-10750H host running Ubuntu 22.04.4 LTS.
The considered topology comprises |V| = 31 nodes, in-
cluding 18 intermediate nodes, 10 user devices, and 3 video
servers, interconnected by |E| = 44 directed links. Video
content is delivered via GStreamer-based servers using RTSP
streaming sessions. Node and link energy profiles are ini-
tialized based on commercial hardware specifications, with
link baseload power consumption ranging from 1.2 to 12 W
[18], [19]. In accordance with the system model in Sec-
tion III-A, all energy-related quantities represent baseline
(traffic-independent) power consumption. Grid carbon inten-
sity is set to EF = 475 gCO2e/kWh. The initial minimum
carbon-efficiency threshold is n™™ = 2.68 - 10° bit/kgCOoe
and dynamically adapted through the Intent Assurance mech-
anism with observation interval At = 30 s.
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GreenTent is compared against two baseline strategies:
(i) a throughput-oriented orchestration without sustainabil-
ity awareness (TO), and (ii) an energy-aware streaming ap-
plication lacking network-level video quality orchestration
(EA). Video contents are available at three quality levels
(720p, 1080p, and 2160p), and service requests are gen-
erated through interactions with the Rasa-based interface,
emulating realistic user behavior biased toward cost-efficient
subscription plans. A representative scenario considers con-
current requests for high-resolution video content (2160p).
Figure 2 provides a qualitative comparison of perceived video
quality for a single request. Both GreenTent (Fig. 2a) and
the TO approach (Fig. 2b) satisfy throughput requirements
and achieve high-resolution playback. However, GreenTent
attains comparable visual quality while significantly reducing



network-level energy consumption and emissions. In contrast,
the EA approach (Fig. 2c) minimizes energy consumption
without enforcing performance constraints, resulting in visibly
degraded video quality. While Fig. 2 focuses on a single
request, Fig. 3 evaluates network behavior under increasing
load to assess scalability. Figure 3(a) shows the per-flow
evolution of average delivered bitrate and network carbon
efficiency, whereas Fig. 3(b) reports the COze emission rates
with 15 concurrent requests. As the number of flows increases
over time, the figure also captures system dynamics, with
residual link capacities continuously changing accordingly.
Results show that the higher bitrate achieved by TO does
not translate into proportional carbon-efficiency gains because
of the associated increase in COse emissions, whereas EA
attains high carbon efficiency at the expense of service quality.
In contrast, GreenTent limits the average bitrate degradation
to 5.47% with respect to TO, while improving carbon effi-
ciency by up to 15.54% at t = 100 s. Compared to EA,
it provides up to 12.93% higher average bitrate and up to
22.70% higher carbon efficiency. The joint preservation of
high bitrate and carbon efficiency indicates good scalability
under changing network conditions, while their concurrent
improvement with increasing traffic load suggests effective
rebound-effect mitigation through balanced traffic distribution.
The stacked-bar representation in Fig. 3(b) further shows that
TO incurs the highest total COse emission rate (0.1562 +
0.0469 + 0.7036 kg/s), whereas EA and GreenTent achieve
lower totals (0.1241 + 0.0339 + 0.5085 kg/s and 0.1247 +
0.0362 + 0.5424 kg/s, respectively).

These results highlight that per-request optimization without
topology-level control leads to elevated system-wide carbon
costs, while GreenTent benefits from the combined effect of
topology reduction (Phase 1) and request-level orchestration
(Phase 2). Overall, GreenTent achieves a balanced trade-off
between sustainability and service performance, significantly
reducing power consumption and COy emissions relative to
throughput-oriented orchestration while preserving delivered
bitrate and user-perceived quality under high network load.

V. CONCLUSIONS

This paper presented GreenTent, an intent-based orchestra-
tion framework that embeds adaptive sustainability metrics
as implicit KVIs alongside traditional KPIs. By jointly opti-
mizing performance and carbon efficiency, GreenTent enables
sustainability-aware service provisioning without increasing
user-side complexity. Experimental results under increasing
traffic loads showed up to 22.7% higher carbon efficiency than
energy-aware baselines while preserving stable average bitrate,
confirming the feasibility of sustainability-native networking.
Future work will extend GreenTent to physical SDN de-
ployments, investigate Large-Language Model (LLM)-assisted
inference of sustainability KVIs from natural-language intents,
and explore both semantic-aware source—channel adaptation
and sensitivity analysis.
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