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ABSTRACT

The global expansion of digital infrastructure, driven by cloud computing, artificial intelligence, streaming
services, and increasingly data-intensive economic activities, has intensified concerns regarding the
environmental footprint of data centres. Their substantial electricity requirements can increase carbon emissions
when operations depend heavily on fossil-fuel-based power systems, creating tension between digital
transformation and climate objectives. This study analyzes carbon emissions associated with data centre
infrastructure and evaluates renewable energy integration strategies for improving environmental sustainability.
The analysis considers operational electricity consumption, grid carbon intensity, cooling demand, facility
efficiency, and indirect emissions associated with supporting energy infrastructure. It further examines renewable
electricity procurement, on-site solar and wind generation, power purchase agreements, battery energy storage,
demand response, workload scheduling, and grid-interactive operations as potential decarbonization pathways.
Particular attention is given to intermittency, energy matching, reliability requirements, and differences between
annual renewable procurement and real-time carbon-free electricity consumption. The study provides an
integrated framework for aligning expanding computational capacity with emissions reduction, energy resilience,
and long-term environmentally sustainable data centre infrastructure development.
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1. INTRODUCTION
1.1 Expansion of Data Centres and Rising Electricity Demand
Rapid expansion of data centre infrastructure reflects growing dependence on cloud computing, artificial
intelligence, high-performance computing, streaming platforms, digital services, and increasingly data-intensive
economic activities [1]. These applications require expanding computational capacity through additional servers,
storage systems, networking equipment, and specialized processors capable of supporting intensive and
continuously operating workloads [5]. Artificial intelligence further increases infrastructure requirements because
large-scale model training and inference can involve substantial computational intensity and high-density
accelerator deployment [9]. Greater computing capacity consequently translates into higher electricity
requirements for both IT equipment and supporting facility systems [2]. Rising server density also increases heat
generation, requiring corresponding cooling, power-conversion, and electrical-distribution capacity [6]. At larger
scales, these requirements extend beyond individual facilities because concentrated data centre development can
require additional generation, transmission capacity, substations, and grid connections [8]. Data centre growth
should therefore be understood as both digital infrastructure expansion and physical energy-system expansion,
with increasing computational demand creating significant implications for electricity consumption, power
infrastructure, and environmental sustainability [3].
1.2 Carbon Implications of Data Centre Infrastructure Development
The carbon footprint of data centres extends across operational electricity consumption, cooling, backup power,
construction, equipment manufacturing, and infrastructure development [3]. Operational emissions are strongly
influenced by electricity consumption and the generation mix supplying the facility; identical electricity
requirements can produce substantially different emissions depending on the carbon intensity of grid electricity
[8]. Cooling systems contribute indirectly by increasing facility electricity demand, while diesel or other fossil-
fuel backup generators can generate direct emissions during operation and testing [6]. Beyond operations,
constructing buildings and electrical infrastructure and manufacturing servers, cooling equipment, batteries, and
other hardware create embodied emissions before equipment becomes operational [4]. Continued capacity

IJETRM | https://ijetrm.com 1] © Author(s) | CC BY 4.0 International License.


https://ijetrm.com/
https://ijetrm.com/

Volume-10 Issue 10, October-2026 ISSN: 2456-9348 (Online)

SJIF Impact Factor: 8.232

INTERNATIONAL JOURNAL OF ENGINEERING TECHNOLOGY RESEARCH & MANAGEMENT (IJETRM)
https://ijetrm.com/

expansion can therefore increase lifecycle emissions even when individual facilities become more energy efficient
[5]. This creates tension between accelerating digitalization and wider decarbonization objectives [7]. If rapidly
increasing electricity demand stimulates additional fossil-based generation or delays power-sector
decarbonization, digital infrastructure growth may amplify emissions pressures, making electricity sourcing and
lifecycle carbon management central to sustainable development [9].

1.3 Study Aim, Scope, and Analytical Direction

This study analyzes the principal carbon-emission pathways associated with expanding data centres and evaluates
renewable-energy integration strategies capable of supporting environmentally sustainable infrastructure
development [1]. The analysis distinguishes operational emissions arising primarily from electricity consumption
and backup generation from embodied emissions associated with construction, equipment production,
replacement, and supporting infrastructure [4]. Grid carbon intensity is examined as a critical determinant of
operational emissions because the environmental consequences of electricity demand vary according to generation
technology, location, and time [6]. Renewable procurement is consequently assessed alongside physical renewable
generation and the temporal alignment between clean-electricity availability and computing demand [8]. Energy
storage and demand flexibility are considered as mechanisms for improving renewable utilization and reducing
dependence on carbon-intensive electricity during constrained periods [2]. The study additionally evaluates
carbon-aware computing, through which flexible workloads can respond to changing electricity-system carbon
conditions [7]. Together, these dimensions establish an integrated perspective connecting computational growth,
energy consumption, lifecycle emissions, renewable supply, operational flexibility, and grid decarbonization [9].

2. CARBON FOOTPRINT OF EXPANDING DATA CENTRE INFRASTRUCTURE
2.1 Operational Electricity Consumption and Carbon Emissions
Operational carbon emissions from data centres are closely linked to the electricity required to maintain
continuous computing and supporting infrastructure [6]. Servers constitute a major load through processors,
memory, accelerators, and other components, while storage and networking equipment add further electricity
requirements as data volumes and traffic increase [11]. Cooling systems consume additional energy through
chillers, pumps, fans, cooling towers, and air-handling equipment needed to remove server-generated heat [8].
Power-conversion infrastructure, including uninterruptible power supplies, transformers, and distribution
equipment, introduces further consumption and conversion losses, while lighting, security, monitoring, and
auxiliary systems contribute smaller but persistent loads [12]. Electricity consumption becomes operational
carbon emissions according to the carbon intensity of the electricity supplying the facility [14]. Consequently,
identical data centres can produce different operational emissions when connected to grids with different
generation portfolios [13]. Carbon intensity can also vary temporally as renewable, nuclear, gas, coal, and other
generation sources change their contribution to electricity supply [15]. Operational decarbonization therefore
requires attention to both the quantity of electricity consumed and its generation source [9].
2.2 Direct, Indirect, and Embodied Emission Sources
Data centre carbon footprints extend beyond purchased electricity and can be separated into direct, indirect, and
embodied emission sources [8]. Direct emissions arise principally from fuels combusted within the facility
boundary, including diesel or gas used by emergency generators during testing, outages, or other operational
requirements [12]. Indirect electricity emissions result from generation of the purchased power required for
computing, cooling, power distribution, and supporting systems [14]. Embodied emissions arise across
infrastructure and equipment lifecycles, beginning with extraction and processing of raw materials and continuing
through manufacturing, transportation, construction, replacement, and eventual disposal [11]. Concrete and steel
used in buildings and electrical infrastructure can therefore contribute substantial upfront carbon, while servers,
networking equipment, batteries, cooling systems, and power electronics create additional manufacturing and
supply-chain impacts [13]. Frequent replacement of computing hardware can further increase lifecycle emissions
even where newer equipment provides greater operational efficiency [10]. Infrastructure expansion also requires
substations, transmission connections, backup systems, and associated materials [15]. Comprehensive carbon
assessment must consequently capture both recurring operational emissions and emissions embodied within
physical infrastructure and technology supply chains [6].
2.3 Carbon Accounting and Environmental Performance Indicators
Carbon accounting provides a structured basis for distinguishing emission sources and evaluating decarbonization
performance [7]. Scope 1 includes direct emissions from sources controlled by the operator, such as on-site fuel
combustion, while Scope 2 captures emissions associated with purchased electricity [9]. Relevant Scope 3
categories can include construction materials, purchased equipment, upstream supply chains, transportation,
hardware replacement, and other lifecycle activities outside direct operational control [13]. Carbon intensity may
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be expressed relative to electricity consumption or, where suitable workload information exists, computational
output, allowing environmental performance to be related to operational activity [15]. PUE remains useful for
assessing facility energy overhead by comparing total facility energy with IT-equipment energy [11]. However,
lower PUE does not necessarily indicate lower carbon emissions because it neither identifies the carbon intensity
of electricity nor captures embodied emissions and absolute growth in consumption [14]. Lifecycle carbon
assessment therefore complements operational indicators by incorporating infrastructure construction, equipment
production, use, replacement, and end-of-life impacts [ 10]. Robust sustainability assessment should consequently
combine efficiency, absolute energy, carbon-intensity, and lifecycle indicators [12].
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Figure 1. Carbon Emission Pathways Across the Data Centre
Infrastructure Lifecycle
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3. RENEWABLE ENERGY INTEGRATION STRATEGIES
3.1 On-Site Renewable Energy Generation
On-site renewable generation provides data centres with a direct mechanism for reducing dependence on grid
electricity and lowering operational carbon exposure [13]. Solar photovoltaic systems are particularly applicable
because they can be installed on rooftops, parking structures, adjacent land, or dedicated facility sites and can
supply electricity without operational combustion emissions [14]. However, generation is restricted to daylight
periods and varies with weather, season, latitude, and available installation area [17]. Large-scale data centres
operate continuously and can require power capacities substantially exceeding what constrained facility footprints
can accommodate through solar generation alone [15]. Wind generation can provide complementary renewable
electricity where wind resources, land availability, planning conditions, and turbine siting are suitable [18]. Its
variable generation profile nevertheless creates similar challenges for continuously operating computational loads
[20]. Hybrid systems combining solar, wind, storage, and grid electricity can improve renewable availability by
exploiting complementary generation profiles [16]. Yet land requirements, intermittency, resource variability,
capital expenditure, and facility scale constrain exclusive reliance on on-site renewables [19]. Consequently, on-
site generation is most effective as one component of a broader electricity-procurement and energy-management
strategy rather than as a universally sufficient source for large data centres [13].
3.2 Off-Site Renewable Procurement and Power Purchase Agreements
Off-site procurement enables data centres to support renewable generation at scales that may be impossible within
facility boundaries [14]. Corporate power purchase agreements (PPAs) can establish long-term contractual
arrangements with renewable-energy projects, providing revenue certainty for developers while allowing
operators to associate electricity consumption with renewable generation [17]. Physical PPAs can involve
electricity delivery through the relevant grid, whereas virtual or financial PPAs primarily settle electricity-market
price differences without requiring the contracted renewable electricity to flow physically to the data centre [18].
Green tariffs and utility renewable programs provide alternative mechanisms through which customers purchase
electricity associated with designated renewable resources [15]. Renewable-energy certificates can document
renewable attributes and support accounting claims, while direct procurement may establish closer relationships
between facilities and specific generation assets [19]. These mechanisms, however, should not automatically be
interpreted as equivalent forms of physical decarbonization [20]. Electricity delivered to a grid-connected data
centre generally reflects the generation operating within the interconnected power system at that time [16].
Consequently, contractual renewable claims can differ from actual electricity flows and marginal grid emissions.
Stronger decarbonization therefore depends on procurement additionality, geographic relevance, temporal
alignment, and whether renewable investment meaningfully displaces or avoids carbon-intensive generation [13].
3.3 Temporal and Spatial Renewable Energy Matching
Annual renewable matching compares total renewable electricity procured or generated over a year with annual
data centre electricity consumption [15]. Although this approach can demonstrate equivalent renewable
procurement on an aggregate basis, it can conceal substantial temporal differences between renewable generation
and continuous computing demand [17]. A facility may procure sufficient solar electricity to match annual
consumption while continuing to depend on carbon-intensive grid generation during nights, periods of low
renewable output, or times of peak electricity demand [ 18]. Hourly or 24/7 carbon-free energy matching addresses
this limitation by seeking closer alignment between facility consumption and carbon-free electricity availability
during each operating period [20]. Such matching provides a more granular representation of the emissions
consequences associated with continuous digital workloads [16]. Spatial alignment is equally important because
renewable generation located in a different electricity system may have limited influence on the generation mix
physically serving the data centre [13]. Locational grid constraints, transmission congestion, regional generation
portfolios, and marginal electricity sources can therefore affect realized carbon reductions [19]. Combining
temporal and spatial matching encourages renewable procurement where and when data centre demand occurs
[14]. However, achieving high levels of continuous carbon-free supply can require diversified renewable
portfolios, energy storage, demand flexibility, grid coordination, and sophisticated carbon accounting [18].
Renewable integration should therefore progress beyond annual attribute matching toward location-sensitive,
time-resolved strategies that more closely connect procurement decisions with actual electricity-system
decarbonization [20].
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Table 1. Comparative Assessment of Renewable Energy Integration Strategies for Data Centres

. Carbon Reduction|Reliability . .

Strategy Integration Mode Potential Contribution Major Constraint
On-site solar Direct generation |Moderate—high Limited Space/intermittency
On-site wind Direct generation |High where suitable Variable Location
PPA Off-site High Indirect Contract/grid

procurement dependence
Green tariff Utility-based Variable Grid dependent Availability

. Temporal . . .

24/7 matching matching High Stronger alignment Complexity/cost
Hybrid Multiple sources [High Improved Capital requirements
renewables

4. ENERGY STORAGE, GRID INTERACTION, AND RENEWABLE RELIABILITY
4.1 Renewable Intermittency and Continuous Data Centre Loads
The continuous operating requirements of large-scale data centres create a fundamental challenge for integrating
variable renewable electricity [18]. Computational workloads, storage, networking, cooling, and auxiliary systems
can operate continuously, with operators requiring exceptionally high availability and resilience against
electricity-supply interruptions [20]. Solar generation follows daylight and weather conditions, while wind output
varies according to meteorological conditions and can fluctuate independently of facility demand [23].
Consequently, renewable generation may exceed demand during some periods yet remain insufficient during
others [21]. Peak computational or cooling demand may also occur when renewable availability is limited,
increasing dependence on grid electricity or backup resources [24]. Reliability requirements further encourage
redundant power pathways, uninterruptible power supplies, backup generation, and reserve capacity capable of
maintaining operations during disturbances [19]. Even facilities procuring substantial renewable electricity
therefore remain dependent on grid infrastructure unless adequate storage or dispatchable resources are available
[22]. Sustainable integration consequently requires balancing renewable penetration with continuous availability,
peak-load requirements, system redundancy, and the operational reliability expected from critical digital
infrastructure [25].
4.2 Energy Storage for Renewable Integration
Energy storage can reduce temporal mismatches between renewable generation and data centre electricity demand
by shifting energy from periods of surplus production to periods of higher demand or lower renewable availability
[21]. Battery energy storage systems can support peak shaving, short-duration renewable shifting, backup power,
frequency regulation, and other grid services while responding rapidly to changing electricity conditions [23].
Their integration with existing uninterruptible power infrastructure may also create opportunities to use installed
battery capacity more dynamically rather than reserving it exclusively for emergencies [20]. Thermal energy
storage provides another pathway by storing cooling capacity and shifting electricity-intensive cooling processes
away from periods of peak grid demand or elevated carbon intensity [24]. Emerging long-duration storage
technologies could potentially address longer renewable deficits that conventional batteries cannot economically
cover [22]. However, storage is not environmentally impact-free. Battery manufacturing involves material
extraction, processing, transportation, and eventual replacement or recycling, creating embodied lifecycle impacts
[25]. Capital costs, degradation, efficiency losses, storage duration, safety requirements, and physical space also
influence feasibility [19]. Storage deployment should therefore be evaluated through lifecycle and system-level
assessment rather than solely according to operational carbon reductions [18].
4.3 Grid-Interactive Data Centre Operations
Grid-interactive operation can enable data centres to move from relatively inflexible electricity consumers toward
active participants in power-system balancing [20]. Demand-response programs can temporarily modify non-
critical electricity consumption when grids experience high demand, constrained generation, or other operational
pressures [23]. Microgrids can coordinate on-site renewable generation, batteries, backup resources, and facility
loads, providing greater control over electricity sourcing and resilience [21]. Smart energy-management systems
can additionally combine workload forecasts, renewable availability, electricity prices, storage status, and grid
conditions to optimize facility operation [24]. Flexible loads, including selected cooling processes and delay-
tolerant computational tasks, may be shifted without compromising essential digital services [22]. Data centres
can potentially provide frequency response, reserve capacity, peak reduction, or other grid-balancing services
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through coordinated storage and controllable demand [25]. Such participation nevertheless requires reliable
controls, appropriate market structures, cybersecurity safeguards, and clear operational boundaries protecting
service availability [19]. When these conditions are satisfied, grid-interactive facilities can improve renewable
utilization while contributing flexibility to increasingly variable electricity systems [18].

5. CARBON-AWARE COMPUTING AND OPERATIONAL DECARBONIZATION
5.1 Energy-Efficient Computing and Infrastructure Optimization
Reducing the electricity required to deliver computational services provides a direct mechanism for limiting the
operational emissions associated with data centre growth [23]. Higher server utilization can reduce the number of
underused machines consuming electricity, while virtualization and workload consolidation allow computing
resources to be allocated more efficiently across physical infrastructure [26]. Efficient processors and accelerators
can further reduce energy consumption per computational task when appropriately matched to workload
requirements [28]. Dynamic power management can place processors, storage, and other equipment into lower-
power states when utilization decreases [24]. Infrastructure optimization should simultaneously address cooling
because inefficient thermal management increases facility electricity consumption beyond the energy required by
IT equipment [27]. Improved airflow management, temperature control, efficient cooling equipment, and
advanced liquid cooling can reduce this overhead [30]. These measures can contribute to lower PUE by decreasing
non-IT electricity requirements [25]. However, efficiency improvements should be evaluated alongside absolute
electricity consumption because expanding computational demand can offset facility-level efficiency gains [29].
Effective decarbonization therefore requires improvements in both computing productivity and supporting
infrastructure efficiency [23].
5.2 Temporal and Geographic Workload Shifting
Flexible computational workloads can potentially be shifted toward times when renewable electricity is abundant
or grid carbon intensity is comparatively low [24]. Temporal shifting may delay suitable batch processing, model
training, data analytics, or other non-urgent tasks until periods characterized by greater solar or wind availability
[28]. Geographic shifting extends this principle by transferring workloads between data centres located in regions
with different renewable resources, electricity-system conditions, and carbon intensities [30]. Such strategies can
reduce emissions without necessarily reducing the total quantity of computation performed [26]. However,
workload flexibility is constrained by application requirements. Latency-sensitive services may require immediate
processing close to users, limiting both temporal and geographic relocation [27]. Data sovereignty and privacy
requirements can restrict movement of information across national or regional boundaries [25]. Reliability,
network capacity, electricity availability, computational capacity, and service-level agreements create additional
operational constraints [29]. Geographic carbon comparisons must also account for differences in grid conditions
and renewable availability rather than assuming that a nominally renewable-rich location is consistently lower
carbon [23]. Workload shifting is therefore most applicable to computational activities with sufficient temporal
and geographic flexibility [28].
5.3 Carbon-Aware Scheduling and Intelligent Energy Management
Carbon-aware scheduling extends workload flexibility by integrating information about electricity-system
emissions directly into computational decision-making [26]. Forecasting systems can estimate future workload
demand, renewable generation, electricity prices, cooling requirements, and grid carbon intensity, allowing
suitable tasks to be scheduled during environmentally preferable operating periods [28]. Real-time carbon-
intensity signals can further support dynamic decisions when electricity-generation conditions differ from
forecasts [30]. Automated scheduling platforms can prioritize urgent workloads while delaying, accelerating, or
relocating flexible computation according to predefined carbon and operational constraints [24]. Al-enabled
energy-management systems can coordinate servers, cooling equipment, batteries, on-site renewable generation,
and grid interaction as interconnected resources rather than optimizing each independently [27]. This creates
opportunities to align computational demand with renewable availability while simultaneously controlling facility
energy overhead [29]. Effective implementation nevertheless requires accurate carbon data, reliable forecasting,
transparent optimization objectives, and safeguards preventing carbon optimization from compromising latency,
security, or availability [25]. Coordinated computing-energy management can therefore transform decarbonization
from static renewable procurement into an adaptive operational process responding continuously to workload
requirements and electricity-system conditions [23].
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Figure 2. Integrated Renewable Energy and Carbon-Aware
Data Centre Operating Model
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Figure 2. Integrated Renewable Energy and Carbon-Aware Data Centre Operating Model

6. CHALLENGES AND TRADE-OFFS IN DATA CENTRE DECARBONIZATION
6.1 Technical and Infrastructure Constraints
Data centre decarbonization is constrained by electricity-system and infrastructure limitations that can restrict the
effective integration of renewable generation [27]. Grid connection capacity represents a significant challenge
where rapidly expanding facilities create large, concentrated electricity loads that exceed available network
capacity [29]. Renewable intermittency further complicates continuous operation because solar and wind
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generation cannot independently guarantee electricity availability at every hour [31]. Transmission constraints can
prevent renewable electricity generated in resource-rich regions from reaching major data centre clusters when
required [30]. Energy storage can reduce these temporal imbalances, but required capacity increases with the
duration and magnitude of renewable shortfalls [32]. Reliability standards also require redundancy and backup
resources, potentially maintaining dependence on conventional generation [28]. Geographic differences in
renewable potential, climate, and electricity infrastructure further affect feasible decarbonization pathways [33].
These challenges are intensified by Al-oriented infrastructure, where accelerator-dense computing environments
increase rack power densities and aggregate facility electricity requirements, placing additional pressure on grid
connections, cooling systems, and supporting infrastructure [27].

6.2 Environmental and Lifecycle Trade-offs

Operational electricity decarbonization represents only one component of the environmental consequences
associated with expanding data centre infrastructure [29]. Renewable-energy technologies themselves contain
embodied emissions arising from raw-material extraction, component manufacturing, transportation, construction,
installation, maintenance, and end-of-life processing [31]. Battery storage similarly introduces lifecycle impacts
associated with mineral extraction, cell production, replacement, and recycling [32]. Data centres additionally
require carbon-intensive construction materials, electrical equipment, cooling infrastructure, and continuously
evolving computing hardware [30]. Frequent server replacement can increase embodied emissions even where
newer equipment improves computational energy efficiency [28]. Expanding supply chains for semiconductors,
batteries, cooling systems, and renewable technologies therefore influence the overall carbon consequences of
digital infrastructure development [33]. Assessments based exclusively on operational electricity may
consequently underestimate emissions or shift environmental burdens to upstream stages [27]. Lifecycle carbon
assessment should integrate construction, renewable infrastructure, equipment manufacturing, operational energy,
maintenance, replacement, and end-of-life impacts to determine whether decarbonization strategies produce
genuine reductions across the complete infrastructure lifecycle [29].

6.3 Economic and Governance Challenges

Decarbonization strategies are also shaped by investment requirements, electricity-market conditions, renewable
availability, contractual arrangements, and carbon-accounting practices [28]. On-site generation, storage,
advanced cooling, microgrids, and grid upgrades can require substantial capital expenditure, while electricity
prices influence the economic attractiveness of different operational strategies [30]. Renewable availability varies
geographically, potentially limiting procurement choices or increasing dependence on distant projects and
contractual instruments [32]. Power purchase agreements, green tariffs, and renewable certificates can support
renewable development, but their environmental value depends on additionality, location, timing, and interaction
with the physical electricity system [31]. Carbon-accounting methodologies therefore influence whether
procurement arrangements represent measurable emissions reductions or primarily contractual renewable claims
[33]. Inconsistent reporting boundaries can further complicate comparisons among facilities and operators [27].
Transparent disclosure should distinguish Scope 1, Scope 2, and relevant Scope 3 emissions while reporting
electricity consumption, grid carbon intensity, renewable sourcing, and temporal matching [29]. Effective
governance must consequently connect investment and procurement decisions with verifiable lifecycle carbon
outcomes [28].

Table 2. Key Barriers, Trade-offs, and Mitigation Strategies for Data Centre Decarbonization

Carbon Sustainability Trade-|,.... . Performance
Challenge Implication off Mitigation Strategy Indicator
Renewable . L . . .
intermittency Fossil backup Reliability Storage/hybrid supply Carbon intensity
Grid constraints nghgr grid Location dependence |Grid-responsive operation |[Hourly emissions
emissions
Stora}ge Embodied carbon Rehablhty vs lifecycle Lifecycle optimization Storag.e carbon
requirements impact footprint
High computing|Rising electricity|Digital ~ growth  vs|Efficiency/workload Energy per
demand use emissions management workload
Carbon accounting M1§lead1ng Reporting complexity |Transparent accounting Sco.pe. =3
claims emissions
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7. FRAMEWORK FOR ENVIRONMENTALLY SUSTAINABLE DATA CENTRE DEVELOPMENT
7.1 Architecture of the Integrated Decarbonization Framework
An integrated decarbonization framework should connect infrastructure planning with electricity demand,
renewable sourcing, energy storage, workload management, grid interaction, carbon accounting, and lifecycle
environmental performance [32]. Infrastructure planning establishes the foundation because facility location,
computational capacity, server density, cooling architecture, grid connectivity, and expansion expectations
determine long-term energy and carbon characteristics [34]. Electricity demand should subsequently be
minimized through efficient computing and supporting systems before additional supply-side interventions are
considered [37]. Renewable electricity can reduce operational carbon intensity, while storage improves temporal
alignment between variable generation and continuous facility loads [36]. Grid interaction provides additional
flexibility through demand response, microgrids, and coordinated energy management [40]. Workload
management can complement these measures by shifting suitable computational activity toward lower-carbon
periods or locations [38]. Carbon accounting should then quantify direct emissions, purchased-electricity
emissions, and relevant supply-chain impacts rather than concentrating exclusively on operational electricity [35].
Lifecycle considerations extend this assessment across construction, equipment manufacturing, replacement,
expansion, and decommissioning [39]. The framework therefore operates as an interconnected system in which
planning, efficiency, clean electricity, flexibility, and carbon measurement continuously inform infrastructure and
operational decisions [33].
7.2 Carbon and Renewable-Energy Performance Indicators
Effective implementation requires indicators capable of distinguishing energy efficiency, renewable integration,
operational emissions, and lifecycle carbon performance [32]. PUE measures the relationship between total
facility energy consumption and IT-equipment energy, providing insight into infrastructure overhead but not
directly measuring carbon emissions [34]. Renewable-energy share indicates the proportion of electricity
associated with renewable sources, while hourly carbon intensity reveals the emissions characteristics of
electricity consumed at particular times [36]. Renewable matching should additionally indicate whether clean
electricity procurement corresponds temporally and geographically with facility demand [38]. Emissions per unit
of computing activity can connect carbon performance with useful computational output and help distinguish
genuine efficiency improvements from reductions caused merely by lower workloads [40]. Scope 1, Scope 2, and
relevant Scope 3 inventories provide complementary organizational accounting boundaries [35]. Storage
utilization indicators can measure charging, discharge, renewable shifting, and grid-support functions [37].
Lifecycle carbon indicators should capture emissions from construction materials, servers, cooling equipment,
batteries, renewable infrastructure, replacements, and end-of-life activities [39]. Together, these indicators provide
a multidimensional basis for monitoring decarbonization progress [33].
7.3 Multi-Strategy Decarbonization and Decision Optimization
No single intervention can address the interconnected carbon consequences of large-scale data centre expansion
[34]. Energy-efficiency improvements reduce the electricity required for computing and supporting infrastructure,
but continuing workload growth can offset these gains through increased absolute consumption [38]. Renewable
electricity reduces operational carbon intensity, yet intermittency and imperfect temporal matching can preserve
dependence on carbon-intensive grid generation during particular periods [36]. Storage can shift renewable
electricity and provide flexibility, although batteries introduce cost, efficiency losses, material requirements, and
embodied emissions [39]. Workload flexibility can relocate suitable computing activity toward periods of greater
renewable availability, while carbon-aware scheduling can automate decisions using time-sensitive electricity-
system information [40]. Cooling optimization further reduces non-IT energy requirements and can become
increasingly important as Al-oriented equipment increases thermal density [32]. These measures should therefore
be optimized collectively rather than implemented independently [37]. Decision models can evaluate electricity
consumption, carbon intensity, renewable availability, storage state, workload requirements, cooling demand,
reliability constraints, and lifecycle impacts simultaneously [35]. Multi-strategy optimization consequently
provides a more resilient decarbonization pathway by balancing emissions reduction with computational
performance, electricity reliability, infrastructure feasibility, and long-term environmental sustainability [33].
7.4 Implementation Across the Data Centre Lifecycle
Carbon management should begin before a data centre becomes operational and continue throughout the
infrastructure lifecycle [32]. During site selection, developers should evaluate grid carbon intensity, renewable-
resource availability, transmission capacity, climate conditions, and opportunities for future clean-energy
integration [36]. Design decisions should incorporate efficient computing architecture, low-energy cooling,
renewable generation, storage readiness, and flexible grid interfaces [34]. Construction should address embodied
emissions through material selection, infrastructure efficiency, and lower-carbon procurement practices [39].
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Equipment procurement should similarly consider operational efficiency, manufacturing impacts, expected
service life, repairability, and replacement requirements [35]. During operation, facilities can combine renewable
procurement, storage, intelligent cooling, carbon-aware workload management, and continuous emissions
monitoring [40]. Expansion decisions should assess whether additional computational capacity requires new grid
infrastructure or increases reliance on carbon-intensive generation [38]. Technology replacement should balance
efficiency gains against embodied emissions from premature hardware turnover [37]. Finally, decommissioning
should prioritize equipment reuse, material recovery, recycling, and responsible disposal [33]. Lifecycle
implementation therefore embeds carbon considerations into decisions from initial planning through final
infrastructure retirement.

IJETRM | https://ijetrm.com [11] © Author(s) | CC BY 4.0 International License.


https://ijetrm.com/
https://ijetrm.com/

Volume-10 Issue 10, October-2026 ISSN: 2456-9348 (Online)

SJIF Impact Factor: 8.232
iJETRM

INTERNATIONAL JOURNAL OF ENGINEERING TECHNOLOGY RESEARCH & MANAGEMENT (IJETRM)
https://ijetrm.com/

Figure 3. Integrated Framework for Low-Carbon and Renewable-Powered
Data Centre Infrastructure Development
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8. FUTURE DIRECTIONS AND SUSTAINABILITY IMPLICATIONS
8.1 Emerging Decarbonization Technologies
Future data centre decarbonization will increasingly depend on technologies capable of coordinating high-density
computing with cleaner and more flexible energy systems [32]. Advanced batteries and emerging long-duration
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storage technologies could improve renewable integration by extending electricity shifting beyond short-duration
applications [36]. Next-generation liquid and immersion cooling can improve heat removal from increasingly
dense Al-oriented hardware while potentially reducing cooling-related electricity requirements [34]. Al-enabled
energy optimization can integrate workload forecasts, renewable availability, storage conditions, cooling
requirements, electricity prices, and grid carbon signals to support adaptive facility control [40]. Waste-heat
recovery could further improve resource efficiency by supplying usable thermal energy to nearby buildings or
industrial applications [37]. Low-carbon concrete, steel, construction methods, and equipment procurement can
reduce embodied infrastructure emissions [39]. Microgrids can coordinate renewable generation, storage, flexible
demand, and backup resources locally [35]. Increasingly granular carbon-aware computing can additionally
schedule workloads according to hourly or potentially finer-resolution electricity conditions, creating stronger
alignment between digital activity and low-carbon energy availability [38].

8.2 Strategic Priorities for Sustainable Digital Infrastructure

Long-term sustainability requires coordinated action extending beyond individual data centre facilities [33].
Cleaner electricity grids remain fundamental because grid decarbonization reduces emissions across both existing
and expanding computational infrastructure [36]. Transparent carbon accounting should distinguish direct
emissions, purchased-electricity emissions, embodied impacts, renewable procurement, and relevant supply-chain
emissions [35]. Progressing from annual renewable claims toward 24/7 matching can strengthen temporal
correspondence between clean generation and continuous data centre demand [40]. Lifecycle assessment should
accompany operational indicators so that construction, equipment manufacturing, batteries, cooling technologies,
replacement cycles, and decommissioning remain visible within environmental decisions [39]. Infrastructure
flexibility should also be strengthened through storage, demand response, grid-interactive controls, and adaptable
workload management [38]. Standardized environmental reporting would improve comparability and reduce
ambiguity surrounding corporate decarbonization claims [32]. Achieving these priorities requires collaboration
among data centre operators, electricity utilities, regulators, technology suppliers, communities, and renewable-
energy developers [37]. Such coordination can align digital infrastructure investment with grid planning,
renewable deployment, reliability requirements, transparent emissions measurement, and long-term
decarbonization objectives [34].

9. CONCLUSION
9.1 Synthesis of Carbon and Renewable Energy Findings
Rapid data centre expansion creates carbon impacts through interconnected operational and infrastructure
pathways rather than electricity consumption alone. Continuous computing requires substantial power for servers,
storage, networking, cooling, power conversion, and auxiliary systems, while backup generation introduces
additional direct emissions. Beyond operations, construction materials, renewable-energy infrastructure, batteries,
cooling equipment, server manufacturing, transportation, replacement cycles, and wider supply chains contribute
embodied carbon throughout the infrastructure lifecycle. Renewable electricity can substantially reduce
operational emissions, but procurement should not automatically be equated with physical decarbonization.
Annual renewable-energy certificates, tariffs, or contractual procurement may establish renewable claims without
ensuring that carbon-free electricity is available at the location and time of actual consumption. Consequently,
credible environmental assessment requires distinguishing contractual renewable matching from measurable
reductions in grid-related emissions. Data centre decarbonization must therefore consider electricity quantity,
generation source, temporal availability, geographic relevance, infrastructure development, and lifecycle
emissions together when evaluating environmental performance and renewable-energy effectiveness.
9.2 Pathway Toward Environmentally Sustainable Data Centres
Environmentally sustainable data centre development requires a coordinated portfolio of interventions rather than
dependence on any single technology or procurement mechanism. Energy-efficient computing, server
consolidation, optimized cooling, and power-management systems can reduce underlying electricity demand,
while renewable generation and procurement can lower the carbon intensity of remaining consumption. Temporal
renewable matching, energy storage, grid-responsive operation, and flexible workload management can address
mismatches between continuous computing demand and variable clean-energy availability. Carbon-aware
scheduling can further align computational activity with periods and locations characterized by lower electricity-
system emissions. These operational measures should be complemented by lifecycle management addressing
construction, equipment procurement, infrastructure expansion, technology replacement, and eventual
decommissioning. Transparent Scope 1-3 accounting and consistent performance indicators are equally necessary
for distinguishing demonstrated emissions reductions from accounting-based claims. The integrated framework
developed in this study therefore provides a pathway for coordinating infrastructure planning, energy efficiency,
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renewable sourcing, storage, grid flexibility, computing operations, and lifecycle carbon management, enabling
expanding computational capacity to progress alongside long-term decarbonization and environmental
sustainability objectives.
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