Toward Energy Efficiency in O-RAN: A Digital Twin for
Carbon-Aware 6G Networks

Elif Ak, Member, IEEE, Berk Canberk, Senior Member, IEEE, Hyundong Shin, Fellow, IEEE, Trung Q.
Duong, Fellow, IEEE

Abstract—This paper provides a comprehensive analysis of
energy efficiency and carbon awareness in emerging sixth gen-
eration of cellular networks (6G) open radio access network
(O-RAN) systems. Guided by the proposed 6S lifecycle model
(sense, shrink, sleep, shift, steer, and show), the paper identifies
key energy efficiency drivers such as artificial intelligence (AI)-
enabled control, computational optimization, digital twin, and
carbon-aware integration. A central contribution is the in-depth
examination of metering methodologies and the standardization
gaps stemming from O-RAN’s disaggregated, virtualized design,
along with a reassessment of its main energy consumption
sources. This paper also consolidates industrial and standardiza-
tion efforts by presenting essential key performance indicators
and measurement approaches for transparent, accurate, and
trustworthy energy and carbon accounting.

Index Terms—Carbon awareness, digital twin, energy effi-
ciency, open ran, o-ran, net-zero, sustainability, 5G, 6G.

I. INTRODUCTION

NERGY consumption in communication networks has

become a major sustainability concern, with the informa-
tion and communication technology (ICT) sector accounting
for roughly 2-2.8% of global greenhouse gas emissions, a
share expected to rise significantly by 2030 [1]. In mobile
networks, the radio access network (RAN) remains the most
energy-intensive component, responsible for about 80% of
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total network consumption [2]. As a result, energy efficiency
(EE) has emerged as a core design priority in the evolution
toward 6G, driven by the growing computational demands
of next-generation services and the corresponding increase in
operational costs and environmental impact.
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Fig. 1. The 6S model for life cycle of carbon-aware and energy-efficient 6G
O-RAN

Encouragingly, progress toward decarbonization is visible:
between 2019 and 2023, mobile operators reduced operational
emissions by 8%, even as mobile connections grew 9% and
data traffic nearly quadrupled [3]. Over the same period, global
CO; emissions rose 3%, indicating that the mobile communi-
cations sector is outperforming most industries in decoupling
growth from emissions, an achievement largely attributed to
continuous improvements in EE and the increasing use of
renewable energy sources [3].

However, sustaining this momentum toward net-zero and
carbon-aware network operations demands a fundamental re-
thinking of how communication infrastructures are designed,
deployed, and managed. Within this transformation, the open
RAN (O-RAN) architecture plays a pivotal role. Positioned
as a cornerstone of the next-generation RAN, O-RAN fosters
openness, continuous innovation, softwarization, and AI/ML
integration to advance sustainability objectives [4]. Yet, unlike
traditional monolithic base stations, whose energy metering
has been clearly defined by European Telecommunications
Standards Institute (ETSI) and 3rd Generation Partnership
Project (3GPP) standards [1], [5], O-RAN introduces disaggre-
gated and virtualized components deployed over commercial
off-the-shelf (COTS) hardware. This architectural shift creates
a metering standards gap, as energy consumption must now be
measured, attributed, and optimized across distributed software
and hardware layers. Additionally, integration with external



resources, such as renewable energy sources, policies, and
other RANSs, requires an overlay system that coordinates these
elements while allowing testing and validation of EE and
carbon-aware actions without disrupting live networks. Digital
twins (DTs) could address this need if designed carefully.
DTs have matured in recent years, and their application to
RAN systems shows promise. Herein, a DT creates a virtual
replica of the physical RAN. For energy-efficient O-RAN, DTs
could enable operators to test energy-saving strategies under
different scenarios, evaluate trade-offs between energy savings
and quality of service (QoS), and generate insights without
affecting production networks.

Accordingly, this paper explores the intersection of EE and
carbon awareness in the evolving 6G O-RAN ecosystem. We
discuss recent approaches by the O-RAN Sustainability Focus
Group (SuFG) [6] and connect these approaches to drivers
of EE and carbon awareness, highlighting the role of the
DT. To date, efforts toward energy-efficient and sustainable
RANSs have remained fragmented. Standardization bodies such
as ETSI and 3GPP define energy metrics and measurement
procedures [1], [5], the O-RAN Alliance specifies component-
level energy saving mechanisms [6], [7], and academic con-
tributions tend to optimize individual dimensions, e.g., Al-
driven sleep modes, digital twin simulation, or renewable
energy integration [8]-[10]. Although these works are highly
valuable, what is missing is a unifying operational lifecycle
that systematically links capabilities from monitoring through
action to accountability, while being grounded in O-RAN’s
disaggregated design. Here, we refer to it as the 6S for 6G O-
RAN, as shown in Fig. 1, which provides a structured roadmap
for EE and long-term sustainability. The 6S model presents
the lifecycle of energy- and carbon-aware management in
O-RAN, from continuous telemetry and DT-RAN feedback
(sense) through active resource optimization (shrink, sleep,
steer), to carbon-aware workload migration (shift), and finally
to transparent reporting and benchmarking (show). Since it is
particularly grounded in O-RAN, each phase maps directly
onto O-RAN’s disaggregated entities and interfaces. For ex-
ample, steer leverages the hierarchical RIC framework through
xApps and rApps, shift exploits the DT-RAN’s integration with
external carbon-intensity APIs and the SMO’s orchestration
capabilities, and show builds on standardized O1/02 telemetry.
Specifically, this paper addresses these three questions: (i)
What are the principal drivers of EE in 6G O-RAN, and how
do they interact synergistically? (ii) What metering standards
and methodologies are missing due to O-RAN’s disaggregated,
virtualized architecture, and how can hardware and software
metering be reconciled? (iii) How can a DT-RAN serve as
the integrating layer that connects O-RAN components, green
energy sources, carbon-aware services, and other network
operators throughout and what KPIs for transparent and trust-
worthy accounting? Building on this, Section II outlines the
main EE drivers. Section III details the digital twin RAN
(DT-RAN) and its integration with O-RAN entities, drivers
and external services through interfaces, and then discusses
energy-aware service delivery, validation and trustworthiness.
Finally, Section IV summarizes key insights and envisions a
path toward carbon awareness.

II. ENERGY EFFICIENCY DRIVERS FOR 6G O-RAN

Current standards and technical reports on EE [3], [5], [6],
combined with recent literature and promising experimental
results, have highlighted several interrelated drivers that col-
lectively aim to minimize network energy consumption in 6G
O-RANSs. This section will discuss these drivers individually,
though their full synergistic potential will be explored in
subsequent sections.

a) Artificial Intelligence and Machine Learning: A pri-
mary driver for O-RAN EE is the integration of artificial
intelligence (AI) and machine learning (ML) capabilities,
realized through the RAN Intelligent Controllers (RICs). O-
RAN uses a hierarchical RIC framework as non-real-time
(non-RT) RIC and near-real-time (near-RT) RIC to embed
intelligence in network management. AI/ML algorithms de-
ployed as xApps (via near-RT RICs) and rApps (via non-RT
RICs) that perform real-time and long-term tasks, respectively.
These algorithms enable predictive analytics to forecast net-
work energy consumption and traffic loads, enabling proactive,
adaptive resource management rather than the reactive, rule-
based configuration typically found in conventional systems
[2]. However, in energy-efficient 6G systems, AI/ML func-
tionalities must themselves be designed to minimize energy
consumption, ensuring that the vision of “Al-native 6G” does
not come at the cost of higher power consumption [4]. This
highlights the need for sustainable, green Al [11] as a core
aspect of future network design, supported by approaches
such as federated learning, incremental learning, synthetic data
generation and edge Al [4], [12].

b) Computing and Architectural Efficiency: EE in O-
RAN depends not only on how network functions are pro-
cessed but also on where and how resources are deployed.
Virtualization and containerization on general-purpose pro-
cessors (GPPs) tend to increase energy consumption due
to non-optimized processing pipelines [1]. To address this,
the use of hardware acceleration through specialized compo-
nents that offload computationally intensive tasks has been
increasing [1], [11]. For example, empirical studies show that
field-programmable gate arrays (FPGA) implementations for
network functions achieve substantially lower power consump-
tion than central processing unit (CPU)-based designs, giving
a balanced trade-off between energy, latency, and cost [1].
Likewise, “Al-native 6G” should also leverage energy-efficient
hardware and select the appropriate processing units based on
AI/ML requirements, such as application-specific integrated
circuits (ASICs), tensor processing units (TPUs), graphics
processing unit (GPU) and FPGAs, as these purpose-built
devices, when used appropriately, can deliver significantly
higher performance per watt than GPPs [11].

Another key driver is architecture-level efficiency, where O-
RAN can flexibly manage the level of functional centralization
across the disaggregated RAN. In other words, the separation
of the open radio unit (O-RU), open distributed unit (O-DU),
and open central unit (O-CU) introduces diverse deployment
options. Centralized deployments in regional data centers
can exploit workload consolidation and virtualization gains,
whereas distributed configurations reduce transport overhead



by processing closer to the radio edge. The energy-optimal
point typically depends on traffic demand, latency constraints,
use case and the available compute infrastructure [8].

Finally, emerging physical-layer technologies such as mas-
sive multiple-input and multiple-output (mMIMO) and recon-
figurable intelligent surfaces (RIS) are expected to further in-
fluence the energy profile of 6G O-RAN [4]. RIS, in particular,
has shown strong potential for enhancing energy efficiency,
with studies indicating network-wide energy savings of up to
3.5 times compared to baseline configurations [13].

c¢) Sustainability Integration: 6G mandates aligning net-

work operation with environmental goals, making sustain-
ability considerations an intrinsic driver for O-RAN EE [4].
A forward-thinking driver is the integration and enhanced
coordination between O-RAN elements (O-DU, O-CU, RICs)
and external power sources, specifically recognizing the type
(renewable or non-renewable) and available capacity [6], [13].
O-RAN management systems, such as service management
and orchestration (SMO) or RICs, are envisioned to be energy-
aware, coordinating network operations based on the avail-
ability and cost of green energy [13]. This energy-awareness
enables the network to dynamically prioritize energy savings
when operating on limited battery power or, conversely, focus
on optimizing user experience when renewable sources are
abundant. Due to its disaggregated nature, O-RAN architec-
tures natively support the use of renewable power sources
(e.g., wind, solar) integrated with smart grids [1]. O-RAN also
promotes the use of standardized, general-purpose hardware,
facilitating the reuse and upgrading of equipment with soft-
ware updates, which directly reduces the generation of elec-
tronic waste (i.e., e-waste) compared to proprietary monolithic
solutions [4].

III. SYNERGISTIC INTEGRATION OF ENERGY EFFICIENCY
DRIVERS IN 6G O-RAN

While the O-RAN architecture already embeds intelligence
through its hierarchical RICs and orchestrates services through
the SMO, these components mainly operate in the live network
under strict service level agreements, latency limits, and relia-
bility requirements. As a result, their primary role is to main-
tain stable and continuous network operation. In contrast, as
also seen in Fig. 2, the DT-RAN introduces an orthogonal layer
of intelligence, that connects with renewable energy sources
and external application programming interfaces (APIs) to
gather carbon intensity data from regional authorities and grid
operators, such as the UK’s National Grid ESO, Electricity
Maps, and WattTime [9]. It interfaces with O-RAN through
standardized protocols and using DT-specific interfaces for
testing, validation, and trust management. In the rest of this
section, we will first clarify energy consumption sources in
O-RAN to better contextualize the DT-RAN’s role across its
components and its interaction with other EE drivers.

A. Energy Consumption Modeling and Metering

Energy consumption modeling is the process of mathe-
matically or computationally representing how different parts
of a system use energy under varying operating conditions

[13]. In the context of O-RAN, this, together with metering,
means building models that describe how much power each
network function (such as O-RU, O-DU, and O-CU) con-
sumes, depending on factors such as traffic load, functional
split, hardware configuration, and environmental conditions.
These models can be analytical (based on equations linking
utilization to watts), empirical (fitted from measured data),
or Al-based (using ML to predict consumption patterns).
All activities related to energy consumption modeling and
metering fall under the sensing step of the 6S model.

1) Energy Consumption Sources in O-RAN: The main
energy consumption sources in O-RAN are outlined here to
clarify what the DT-RAN must model, monitor, and optimize
within its framework. For a more detailed analysis of these
sources, readers may refer to prior studies [1], [8], [10].

O-RU: The O-RU is among the most energy-intensive
elements of the O-RAN architecture, located at the cell site
and responsible for radio-frequency (RF) and lower physical-
layer (PHY) functions. It connects to the O-DU through the
open fronthaul (O-FH) interface and handles tasks such as
beamforming, cyclic prefix operations, and RF amplification
under strict latency constraints. The O-RU is implemented
in hardware, with no support for virtualization or dynamic
containerized scaling. Empirical studies show that its power
draw scales weakly with traffic load or physical resource block
(PRB) utilization [8], as static hardware elements, particularly
the power amplifier (PA), RF front-end, and converters, remain
active continuously. Industry reports also indicate that the O-
RU and its RF chain account for 40-60% of total base-station
power, with the PA alone exceeding half of this share [2],
making the O-RU a central target for EE and sustainability
improvements.

O-DU: The O-DU is a crucial element in the O-RAN
functional split, handling computationally intensive tasks of
the physical layer (PHY-high), media access control (MAC),
and radio link control (RLC) layer functions. In particular,
the PHY-high is one of the dominant power consumers, as it
performs computationally intensive operations such as forward
error correction (FEC), encoding and decoding, modulation
and demodulation, and resource mapping. The O-DU’s total
power draw scales with both the complexity of these sub-
functions (e.i., FEC decoder, MAC scheduler), represented by
their reference complexity (i.e., how much computational work
it performs per unit time or data) and technology-dependent
parameters (i.e., how efficiently the chosen hardware platform
can carry out that work). Its overall energy consumption also
depends on the number of connected O-RUs, which determines
the aggregated processing demand. Consequently, the O-DU’s
energy profile can be modeled as a function of component-
level computational complexity and hardware EE parameters
[8].

O-CU: The O-CU, a logical node, responsible for higher-
layer processing functions such as radio resource control
(RRC), packet data convergence protocol (PDCP), and service
data adaptation protocol (SDAP) [9], consumes energy mainly
through processing and networking operations. Its processing
load arises from packet-based computations, virtualization
overhead, and platform control tasks such as orchestration,
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Fig. 2. The Digital Twin for carbon-aware and energy-efficient 6G O-RAN, integrating green energy sources with O-RAN components.

load balancing and resource scheduling.

RICs, SMO, O-Cloud Infrastructure: Beyond the core RAN
nodes, energy consumption also arises from O-RAN’s control,
orchestration, and cloud layers, namely non-RT RIC, near-RT
RIC, and SMO. While the RICs are central to O-RAN’s intel-
ligence and automation (also supporting EE through xApps
and rApps), they remain computationally intensive due to
continuous data collection, analytics, and Al model training
and inference for managing O-RAN components [2]. The
SMO also adds constant energy overhead since it continuously
analyzes metrics and sends control messages across multiple
network domains. This includes managing faults, configura-
tion, accounting, performance, and security (FCAPS); collect-
ing telemetry through O1 and O2 interfaces; and orchestrating
the lifecycle of virtualized or containerized network functions.
The SMO’s energy profile is therefore correlated with the
number of managed nodes and the intensity of monitoring
activities [8].

All these control entities above are hosted within the O-
Cloud, potentially with virtualized instances of the O-DU
and O-CU, compounding its overall energy footprint. Em-
pirical studies show that virtualized O-RAN functions such
as the O-CU and O-DU exhibit limited power scalability

since virtual machines (VMs) and containers stay reserved for
latency-critical tasks [5], [14]. What DT can provide for EE
is strategies such as workload consolidation, selective node
deactivation, and adaptive resource scaling through the SMO
and non-RT RIC [6], [7]. This coordinated control provided
by DT can eventually reduce the persistent energy overheads
of O-RAN’s cloud and management layers, especially when
guided by energy-aware policies and services.

Common Site Infrastructure (CSI): In addition to the com-
pute and virtualization domains, another share of energy usage
at O-RAN sites originates from the CSI. This category includes
power supply systems, rectifiers, cooling and ventilation units,
environmental controls, and backup batteries that support
the operation of O-RAN nodes and the O-Cloud. These
non-computational elements can account for approximately
20—40% of the total site power in both conventional and
O-RAN deployments [2], [13]. And DT-RAN extends these
efforts by enabling dynamic fan speed control, and renewable
power integration to mitigate CSI energy inefficiencies.

2) O-RAN Energy Metering: Since O-RAN functions are
distributed and disaggregated across diverse processing hard-
ware, accurately measuring energy consumption requires
multiple complementary approaches. This process relies on




TABLE I

ENERGY CONSUMPTION, DIGITAL TWIN MITIGATION, AND MEASUREMENT APPROACHES ACROSS O-RAN COMPONENTS

O-RAN Primary Energy Data Path for EE | DT-RAN Mitigation Mechanisms Measurement & Tools

Component Consumption Sources Telemetry

O-RU Power Amplifier (PA) bias | Ol (via M-plane), | DT models predict PA utilization and op- | Metered PDUs, GW-Instek GPM-
and RF front-end losses; | E2 (via CUS- |timize bias voltage, DTX/DRX cycles, and | 8213 or DC-capable power analyzers
static hardware load (clock- | Plane) deep-sleep scheduling. Mitigation actions en- | like the Keysight N6705C and envi-
ing, converters) largely inde- forced by near-RT RIC (xApps) for short-term | ronmental measurement tools.
pendent of traffic control and non-RT RIC (rApps) for policy

optimization.

O-DU High-PHY computation | E2, 02, D1 DT simulates traffic load, functional split se- | RAPL (CPU/DRAM), power-
(FEC, modula- lection, and DU consolidation to forecast en- | stat and turbostat, Kepler (per-
tion/demodulation), MAC ergy savings. Insights consumed by near-RT | container energy), Redfish, turbostat,
scheduling, virtualization RIC xApps for real-time DU load balancing | Prometheus metrics via O2, nvidia-
overhead on COTS servers and SMO for orchestration policies. smi or NVIDIA management library

(NVML), or cAdvisor or PowerTOP,
if applicable.

O-CU Packet processing, virtual- | O1, 02, D1 DT-driven orchestration recommends | Redfish (server-level), NVML (GPU),
ization baseline, NIC and VM/container consolidation and adaptive | RAPL, NIC telemetry (DPDK), Ke-
backhaul I/O power CPU/GPU frequency scaling. Policies applied | pler metrics via O2, cAdvisor or Pow-

through SMO orchestration and monitored | erTOP
via non-RT RIC for service optimization.

RICs (Near-RT /| Continuous AI/ML inference | Al, E2, D1, O2 DT validates AI/ML-driven xApp/rApp | Kepler + NVML for power tracking;

Non-RT) and control signaling over- policies offline, reducing retraining frequency | Redfish for host monitoring; RIC logs
head and optimizing energy-aware decision- | via O2.

making across layers.

Common Site In- | cooling, PSUs, rectifiers; | 02, D1 DT aligns SMO orchestration with renewable | Redfish/IPMI thermal sensors, PDU

frastructure persistent orchestration load availability and carbon-cost signals, recom- | logs, smart grid API data, Prometheus

mending carbon-aware workload placement | exporters.
and O-Cloud consolidation.

telemetry and is addressed in this section through hardware
metering and software metering.

Hardware Metering: Hardware metering refers to the phys-
ical measurement of energy consumption and related perfor-
mance indicators directly from the underlying infrastructure,
which includes servers, storage, and network components. For
O-RAN metering, there are three measurement methods: out-
of-band, direct power, and in-band measurements.

o Out-of-band measurement: The industry convergence
for managing and measuring COTS hardware centers
heavily on the Redfish data model [15]. Redfish can col-
lect real-time and cumulative power consumption metrics
(in Watts or kWh) at multiple levels: i) server, ii) power
supply unit (PSU), or iii) individual components such
as CPUs and memory. It also provided detailed thermal
data, including temperatures, fan speeds, and cooling
status, along with sensor health information like PSU
and voltage readings. Redfish runs on the baseboard man-
agement controller (BMC), a specialized microcontroller
embedded on the motherboard of a server, such as those in
an O-Cloud environment that host network functions like
the O-CU, O-DU, and RIC. Similarly, another standard,
intelligent platform management interface (IPMI) [15],
the predecessor technology to Redfish, is used for the
management of physical infrastructure, for collecting the
physical status of the hardware components, such as
temperature, voltage, and fan status [5].

« Direct power measurement: Various physical tools and
software-based estimation methods can also be used for
O-RAN metering, similar to conventional RAN deploy-
ments in bare-metal environments, to directly measure

power consumption. For

example, metered power distri-

bution units (PDUs) can also provide ground-truth mea-
surements of total O-RU power consumption, including
RF, PA, and converter losses. Other relevant measurement
approaches are listed in Table I for reference.

« In-band measurement: For the underlying COTS servers
hosting the O-CU, O-DU or RICs, in-built software tools
are also used to estimate power draw. The outputs of these
tools (listed in Table I) should be integrated into the DT
data ingestion pipeline to enable closed-loop analysis.

Software Metering: In virtualized O-RAN systems, software
metering estimates function-level energy consumption by link-
ing hardware measurements with resource usage of virtualized
workloads. The fundamental challenge of software metering
arises because the energy consumption of specific O-Cloud
components cannot be measured directly, as it is a subset
of the compute resources on a physical node. It must be
derived by collecting infrastructure-level data, aggregating it,
and aligning it with workloads’ resource usage. This requires
coordinated data provisioning and utilizing advanced tools
that ingest hardware-metered data to build models for energy
attribution. O-RAN’s cloud-native architecture, often deployed
atop Kubernetes clusters, naturally opens opportunities to
leverage existing Kubernetes sustainability mechanisms to
improve network EE. Kepler, which is an open-source tool,
integrates kernel-level telemetry and processor performance
counters to estimate per-pod and per-container power con-
sumption, and can expose energy metrics for O-DUs, O-CUs,
and apps (e.g., XApps, rTApps) running in containers across
the O-Cloud. When real-time data are unavailable, Kepler
also utilizes regression-based models. Similarly, another ready-




TABLE II
O-RAN ENERGY AND CARBON ACCOUNTING KPIs
Physical/Hardware KPIs (related to hardware metering) Sustainability & Carbon Accounting KPIs
Power Consumption Avg./min./max. power consumed over the period | Operational Carbon Direct emissions from owned/controlled sources (fuel, vehicles,
(Watt, W) (direct) generators).
Energy Consumption Total energy consumed (kWh); e.g., O-RU per | Operational Carbon Indirect emissions from purchased electricity, steam, or cooling.
carrier or per antenna array (indirect)
Environmental Temperature | Avg./min./max. temperature during period (°C) Renewable  Electricity | Proportion of electricity sourced from renewables (TWh).
Share/Purchased
Environmental Voltage Voltage (V) Electricity Use per Total electricity use divided by total connections
Connection (kWh/connection).
Environmental Current Current (A) Carbon Intensity per Avg. GHG emissions per mobile connection (kg
Connection COse/connection).
Environmental Humidity Humidity percentage (0-100) Carbon Savings Reduction from refurbished/repaired network devices (e.g., UE,
servers, GPPs).

Virtualized/Containerized (related to software metering)

Total Energy Consumption of Container/Pod

Total energy consumption within a container (e.g., using Kepler/Prometheus technologies) (Kilowatt-hours, kWh)

Energy Consumption of Specific Components
hours, kWh)

Energy consumption attributed to specific components (CPU cores, DRAM, uncore components) used by a container (Kilowatt-

Energy Efficiency (general)

The ratio between useful output (performance) and energy/power consumption calculated by the SMO. General energy
efficiency metric for the O-Cloud nodes (O-CU, O-DU, etc.) (N/A)

Energy Efficiency (data volume)

EE based on PDCP SDU data volume (bit/J)

Energy Efficiency (coverage)

EE based on coverage (network extent, topology-wise) (m2/)

Energy Efficiency (latency)

EE based on latency, for example Ultra-Reliable Low Latency Communication (URLLC) slices (1/ms-J)

Energy Efficiency (active UE)

EE of registered subscribers (connected UE) (user/J)

to-use tool, Kube-Green, automatically shuts down idle pods
and worker nodes based on policy or time scheduling. When
applied to O-RAN, this capability resembles the cell and
carrier shutdown or sleep mode features standardized by the O-
RAN SuFG [6]. Prometheus and Grafana form the backbone
of O-RAN observability, as also noted in multiple O-RAN
experimentation platforms [7], [14]. It is also worth noting
that Kubernetes-based orchestration is not always applicable
to certain O-RAN functions, particularly O-DU and O-RU
components, which are sometimes deployed on bare metal,
real-time Linux, or lightweight Docker runtimes. In such cases,
full Kubernetes orchestration may add unnecessary overhead
or complexity; alternative tools are presented in Table 1.

B. Energy-Aware Service Delivery

Energy-aware service delivery refers to techniques that
improve the EE of individual O-RAN components while also
considering carbon-aware strategies, such as integrating re-
newable energy sources into network operations [13], without
degrading the QoS. Guided by the 6S vision, and continuing
with sleeping and steering steps, the non-RT RIC can be
designed to predict traffic and mobility patterns, enabling
proactive resource adaptation by selectively deactivating cells,
carriers, or antenna chains to reduce idle power consumption,
while neighboring cells absorb the load and maintain service
continuity [2]. Complementing this, near-RT RIC xApps can
be developed to dynamically steer transceiver activity and
transmission power, leveraging CSI feedback and adaptive
power amplifier biasing for energy efficiency gains [6], [13].
Continue with sleeping action in near-RT, xApps dynamically
adjust the number of active transmit and receive arrays within
the O-RU, particularly essential for massive MIMO deploy-
ments [6]. This process, also known as RF channel switch
off/on, is contingent upon traffic volume and aims to minimize
energy consumption while maintaining the requisite QoS. At
the infrastructure level, the non-RT RIC and SMO consolidate

workloads by migrating O-DU and O-CU functions onto fewer
O-Cloud nodes, scaling CPU frequency and leveraging deep
low-power states to shrink computational demand and suppress
idle energy draw. More importantly, DT-RAN enhances this
optimization by introducing a shifting capability, integrating
external factors such as energy cost, grid carbon intensity,
and renewable availability to guide workload migration and
reduce both operational expenses and emissions. By incor-
porating awareness of energy sources like solar and wind,
along with their temporal variability, DT-RAN enables O-
RAN management entities (SMO, RICs, O-CU, O-DU) to
dynamically optimize RAN operations, including O-RU power
usage and function placement, in alignment with sustainability
objectives. Moreover, DT-RAN enables energy-aware service
delivery models that adapt to user and operator preferences.
For example DT-RAN can prioritize renewable-powered or
low-consumption service paths when possible, and scheduling
tasks during periods of high renewable availability to reduce
grid dependency and operational costs.

C. Testing, Validation and Trustworthiness

Following the 6S model, the show step emphasizes trans-
parency, verification, and continuous improvement of EE and
carbon-aware strategies across the O-RAN.

In this context, DT-RAN functions as a high-fidelity sand-
box for testing and validating energy-saving mechanisms (such
as carrier or cell deactivation, RF port sleep, and workload
consolidation) without risking service degradation in live net-
works. By executing what-if analysis, as detailed in [7], DT-
RAN evaluates the trade-offs between energy savings, QoS,
and coverage, guiding RIC-based decision loops with empiri-
cally validated thresholds. The outcomes of these analyses feed
into the non-RT RIC, as illustrated in Fig. 2 via T1 and T2
interfaces, enabling it to refine its policy models and provide
optimized guidance to the Near-RT RIC via the Al interface
for enforcement on E2 nodes (O-CU/O-DU). A key part of this



validation process is accurate metering, calibration and metric
compatibility. In O-RAN, energy data is collected from various
tools and sources, each with its own KPIs, units, timestamps,
and sampling intervals, requiring careful alignment to get
meaningful comparisons and complete EE observation.

Standardized KPIs: Various standardization bodies and re-
search efforts [5], [6], [10] have defined metrics to evalu-
ate energy-saving mechanisms, energy efficiency and carbon
footprint, as summarized in Table II. The core principle
of EE KPIs is quantifying output per unit of energy (e.g.,
bit/Joule) [2]. ETSI also defines the core metric as mobile
network data energy efficiency (EEDV), which is the ratio
of delivered data volume to network energy consumption [5].
3GPP complements this approach with the network energy
efficiency metric (EEglobal), summing efficiencies across mul-
tiple deployment scenarios and traffic load levels. Moreover,
since DT-RAN employs different data models such as YANG,
JSON, and XML, these differences must be considered during
calibration to maintain consistency and interoperability across
measurements [5], [6].

Beyond data consistency, the operational trustworthiness of
the DT-RAN depends on fidelity, that is, the degree to which
the digital twin accurately and realistically replicates the phys-
ical, behavioral, and time-varying characteristics of the real
representation. In O-RANs EE operations, this fidelity can be
evaluated by comparing the twin’s reconstructed values (states
and KPIs) against the corresponding measured telemetry for
each variable group (e.g., traffic/load, power/energy, thermal
metrics, or carbon-intensity inputs). If certain data cannot
be properly synchronized with the twin, the fidelity score
reflects this mismatch. This enables a graduated trust model for
DT-RAN recommendations. When the fidelity remains within
operator-defined tolerance limits, the DT-RAN’s optimization
decisions (such as sleep mode activation, workload migration,
or RF deactivations) can be automatically executed through
the RICs and SMO. However, if the fidelity falls outside the
acceptable range, the DT-RAN switches to an advisory mode.
In this case, its recommendations are flagged for human review
before being applied. The acceptable tolerance levels depend
on the network function type and timing of the decision.

Another challenge related to KPIs, validation and trust-
worthiness is that the KPIs in Table II can conflict with
each other. For example, expanding coverage by activating
more cells or increasing transmit power may reduce data
energy efficiency if the additional area serves little traffic.
The 6S model with DT manages these trade-offs through
the steer and show phases. In the steer phase, the operator
defines priorities (e.g., carbon reduction, coverage guarantees,
or latency limits) as policy inputs to the non-RT RIC. The DT-
RAN then evaluates different operating configurations against
these multiple objectives and identifies a point that is similar
to a Pareto-efficient point, rather than a single optimum.

IV. CONCLUSION

We presented an integrated perspective on energy-efficient
and carbon-aware O-RAN drivers, revisiting the main sources
of energy consumption in O-RAN and critically examining

current mitigation strategies proposed by DT-RAN, along with
existing energy measurement tools and KPIs. Guided by the
6S principles (sense, shrink, sleep, shift, steer, and show), we
illustrate how DT-RAN can enable a carbon-aware and energy-
efficient 6G lifecycle. Our key finding is that reliable hardware
metering, complemented by software-based metering, provides
the foundation for data to be used in EE operations that DT
can process and use to make accurate decisions. Future work
should prioritize developing telecom-specific energy measure-
ment tools, as current solutions like Kepler and Kube-Green
are designed for general cloud workloads and fail to account
for the timing constraints and real-time processing demands of
O-RAN. Building on improved measurement capabilities, fine-
grained energy attribution methods are needed to accurately
map power consumption to individual virtualized network
functions across distributed O-Cloud resources, particularly for
O-DU and O-RU deployed on bare metal. These attribution
methods are then needed to enable carbon-aware workload
migration algorithms that can dynamically balance conflicting
KPIs. Finally, exploring inter-DT relationships will be critical,
as multiple digital twins operating across different network
domains or operators must coordinate to optimize energy effi-
ciency at a broader scale without creating conflicting policies
or redundant resource allocation.
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