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Abstract

Modern data centers are becoming increasingly energy-intensive as AI workloads, hyper-
scale architectures, and high-power processors push power demand to unprecedented
levels. This work examines the sources of rising energy consumption, including evolving
IT load dynamics, variability, and the limitations of legacy AC-based power-delivery archi-
tectures. These challenges amplify the environmental impact of data centers and highlight
their growing influence on global electricity systems. The paper analyzes why conventional
grid-tied designs are insufficient for meeting future efficiency, flexibility, and sustainability
requirements and surveys emerging solutions centered on DC microgrids, high-voltage DC
distribution, and advanced wide-bandgap power electronics. The review further discusses
the technical enablers that allow data centers to integrate renewable energy and energy
storage more effectively, including simplified conversion chains, coordinated control hier-
archies, and demand-aware workload management. Through documented strategies such
as on-site renewable deployment, off-site procurement, hybrid energy systems, and flexible
demand shaping, the study shows how data centers are increasingly positioned not only as
major energy consumers but also as key catalysts for accelerating renewable-energy adop-
tion. Overall, the findings illustrate how the evolving power architectures of large-scale
data centers can drive innovation and growth across the renewable energy sector.

Keywords: data center energy efficiency; DC microgrids; high-voltage DC distribution;
power delivery architecture; renewable energy integration; energy storage systems; WBG
power electronics; hybrid renewable energy systems; workload-aware demand response;
energy management systems

1. Introduction
The modern digital world is supported by an ever-growing demand for intricate,

high-speed networks and information systems, driving the robust growth and vital po-
sitioning of data centers [1]. This expansion, particularly driven by applications such as
hyperscale computing and AI, has dramatically increased the power consumption require-
ments of processing units [2,3]. Specialized components such as Graphics Processing Units
(GPUs) and Tensor Processing Units (TPUs), which are crucial for training Large Language
Models (LLMs) with massive parallel processing, consume significantly more power than
traditional processing units [4,5]. The resulting power requirements for next-generation pro-
cessors, which are supplied at ultra-low voltages (e.g., <0.8 V to 1 V), have surpassed 1 kW
per device, leading to unprecedented load currents often exceeding 1000 A [6]. Figure 1
depicts this trend using some of the most widely used datacenter chips over the years [7–18].
It is important to note that Central Processing Units (CPUs) were more prominent in the
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past for a variety of datacenter workloads, but in recent years, with the advent of AI, GPUs
and TPUs are the preferred choices for these tasks.

This escalating power-hunger translates directly into critical challenges across the
entire power conversion chain, necessitating immediate solutions to manage consumption,
improve reliability, and optimize power-delivery architectures [19].

Figure 1. Generations of widely used chips in data center servers. Chip graphics from manufacturer
datasheets and www.techpowerup.com ©. The power rating growth trend is visible especially with
the advent of AI/ML workloads and GPUs and TPUs becoming the main workhorse of AI servers
(Power ratings based on chip maximum TDP).

As data centers evolve into essential infrastructure supporting daily life and societal
function, their substantial energy consumption has become a primary global concern [20].
Currently, global data centers account for approximately 1.7% to 2.2% of the world’s
electricity consumption, with annual energy consumption (including data center computing
and transmission) estimated at 480 to 660 TWh in 2021 [21]. Historically, U.S. data center
energy usage accounted for 1% of the nation’s electricity consumption in 2005, rising
to 1.8% of total U.S. electricity supply in 2014 [22], and increasing to 9% in 2020 [23].
Due to the acceleration of AI training, the proportion of global energy consumption by
data centers, estimated at 3% in 2017, is projected to increase to 4.5% by 2025. Some
extrapolations suggest the demand could rise from 2% today to as much as 7% of global
electricity consumption by 2030 [24]. This tremendous power consumption, along with the
corresponding carbon emissions, mandates a rapid shift toward sustainable, highly efficient
energy systems. Beyond the profound environmental impact of high carbon emissions
associated with conventional “brown energy”, the high electricity costs typically account for
40–80% of a data center’s long-term Operating Expenditures (OPEX) [25]. Figures 2 and 3
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show the current and projected total installed capacity and total energy consumption of
datacenters, respectively, according to a recent report from IEA [26].

 

Figure 2. Total installed capacity of data center facilities in GW from 2020 to 2035 (projected) by type.

Figure 3. Total electricity consumption of data center facilities in GW from 2020 to 2035 (projected)
by type.

Addressing the unprecedented power demands and ensuring system reliability ne-
cessitates a fundamental system redesign of the data center Power Delivery Architecture
(PDA). Legacy systems are often unable to meet the higher power-density and efficiency
requirements of next-generation facilities [27]. A core technological trend in this overhaul
is the widespread adoption of DC distribution architectures. Specifically, architectures
utilizing High Voltage Direct Current (HVDC) are gaining attention due to their potential
for significantly higher power efficiency compared to traditional AC distribution [28,29].
This approach reduces the overall number of conversion stages, thereby boosting reliability
and energy efficiency [21]. At the rack level, the shift to the 48 V distribution bus is now a
widespread standard, mandatory for supporting increasing power requirements (with racks
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reaching over 100 kW) and minimizing distribution losses compared to legacy 12 V sys-
tems [30,31]. Crucially, the technological enabler for these high-performance architectures
lies in advanced power electronics, particularly those leveraging Wide-Bandgap (WBG)
devices like SiC and GaN, and advanced integrated magnetics design [6,32–36]. These
components are essential for creating converters capable of achieving the high efficiency
and high power density required across the entire power flow chain [4].

Beyond optimizing efficiency through electrification, achieving net-zero carbon emis-
sions is a significant objective, driving the mandate to integrate clean energy sources such
as solar, wind, and hydrogen directly into data center operations [37]. However, relying
solely on Variable Renewable Energies (VREs) presents a significant engineering challenge
due to their intermittent, fluctuating, and unpredictable nature, which prevents them from
guaranteeing a constant power supply [38]. To mitigate this inherent variability and ensure
continuous reliability, future data centers must incorporate sophisticated Energy Storage
System (ESS) [39]. This often involves deploying distributed Uninterruptable Power Supply
(UPS) systems (frequently based on Battery ESS (BESS)) for managing short-term power
fluctuations and peak shaving [40]. Furthermore, there is growing interest in integrating
Hydrogen Storage System (HSS) that utilizes electrolyzers and fuel cells for long-term
energy storage, offering a cleaner backup alternative to traditional diesel generators [41].
By incorporating local generation and storage, the data center power supply architecture
fundamentally evolves into a microgrid, establishing a localized power system capable
of flexible operation, maximizing green energy utilization, and minimizing reliance on
transmission [39].

The successful convergence of accelerating power demands, the critical need for robust
efficiency, and the mandatory push toward decarbonization requires innovative, holistic
solutions that harmonize advanced power electronics with intelligent energy manage-
ment [42]. Also, isolated bidirectional DC-DC converters are integral to this future, as they
are key components for interfacing distributed renewable generation and enabling bidirec-
tional energy flow to and from storage systems within the microgrid environment. These
capabilities are essential for the operation of renewable-powered data centers, allowing
them to store surplus energy or rapidly switch power direction during grid outages.

The rapid escalation of energy consumption and the mandatory push toward decar-
bonization have fundamentally repositioned large-scale data centers from mere consumers
to key catalysts for accelerating renewable energy adoption and technological innovation.
This driving force operates through two primary mechanisms: direct market deployment
pull and necessity-driven architectural push. Deployment acceleration occurs as datacen-
ters increasingly engage in off-site renewable sourcing and Power Purchase Agreements
(PPAs) to meet their energy demand and sustainability goals. These procurement strategies
actively encourage investment in new renewable energy plants, thereby accelerating the
decarbonization of local electrical grids. Simultaneously, the severe architectural challenges
posed by next-generation IT loads, which demand unprecedented power density and
efficiency (like the new OCP requirements of AI servers), necessitate a technological push
towards Direct Current Microgrids (DCMGs) and innovative power electronic solutions.
Ultimately, the pursuit of carbon neutrality, resilience, and high efficiency requires innova-
tive, holistic solutions that harmonize advanced power electronics with intelligent energy
management systems (EMS), illustrating how the evolving power architectures of data
centers drive innovation and growth across the renewable energy sector.

To provide a comprehensive understanding of these challenges and potential solutions,
this review is structured as follows: Section 2 examines the evolving energy demands, load
characteristics, and reliability challenges in modern data centers, emphasizing the limita-
tions of conventional grid-tied architectures. Section 3 explores DC Microgrids (DCMGs)
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as a key enabling technology for integrating renewables and enhancing system efficiency,
covering control coordination, power electronic interfaces, and hybrid microgrid topologies.
It focuses on the role of ESS and islanding capabilities in improving resilience during grid
disturbances. Section 4 presents various renewable energy integration strategies, includ-
ing on-site and off-site generation, hybrid renewable systems, and advanced workload
management approaches for energy optimization.

Finally, Section 5 synthesizes the findings and presents future research directions
to address the challenges in standardization, protection, multi-energy optimization, and
intelligent energy management. Together, these sections provide a holistic view of the
transition toward high-efficiency, renewable-powered, and resilient data centers, highlight-
ing the critical role of DCMG technologies in enabling the sustainable digital economy of
the future.

2. Energy Demands and Challenges in Modern Data Centers
The modern data center is a mission-critical infrastructure that operates around the

clock to support the rapid expansion of the IT industry and the broader economy. However,
this necessity has led to massive energy consumption and corresponding environmental
concerns [43]. Data centers worldwide consumed approximately 205 TWh of electricity in
2018, an amount greater than the annual consumption of entire countries like Denmark
and Ireland [44].

2.1. Overview of Power Consumption Patterns and Load Characteristics

Data center energy consumption is generally categorized into energy used by IT equip-
ment and energy used by infrastructure facilities, such as power conditioning and cooling
systems. A typical data center comprises three primary load sections: IT loads, cooling and
environmental control equipment, and the Internal Power Conditioning System (IPCS),
which includes UPS units, Power Delivery (PDU), and Power Supply Unit (PSU) [45].

The distribution of power consumption among these sections varies depending on
the specific design and the equipment’s efficiency. Historically, the cooling infrastructure
has been the largest energy consumer, accounting for up to 50% of the total energy in a
typical DC, according to some statistics, followed by servers and storage at 26%. More
recent data suggests that IT equipment (servers and network devices) comprises the largest
segment, consuming around 45% (IT equipment) and 5% (network equipment). Cooling
loads typically rank second at approximately 38%. Meanwhile, the power conditioning
devices within the IPCS consume about 8% of the total power [45].

The power used by non-IT loads have a significant impact on load characteristic,
efficiency and carbon footprint of a facility. To characterize how much power is used by
the supporting infrastructure, like Heating, Ventilation, and Air Conditioning (HVAC),
lighting, security, and auxiliary loads, versus the main load, which is the IT load, like
Servers, Storage, Communication systems, and I/O boards, a metric called Power Usage
Effectiveness (PUE) is used. PUE is defined as

PUE =
Total Facility Power

IT load Power
. (1)

Ideal PUE is equal to 1. However, achieving perfect PUE is impossible. PUE for
current best-in-class hyperscale data centers is in the range of 1.15 to 1.3 and can exceed 2
for small-scale facilities. Google has reported a fleet-wide Trailing Twelve-Month (TTM)
PUE of 1.09 in 2025 [46]. This shows how far facilities have come in improving power usage
and managing non-IT power consumed in the plant, thereby reducing carbon footprint for
a specific workload.
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The power consumed by IT equipment includes components such as servers, storage,
network switches, and local cooling fans. The Processing Unit (xPU) is typically the most
significant contributor to total server power consumption. Saving a single watt at the xPU
level can translate to 1.5 W saved at the server level and potentially up to 3 W at the overall
data center system level due to the power-cascading effect in the IPCS.

Figure 4 shows that, over the years, newer facilities have achieved lower PUE. As
a result, a smaller fraction of the total power in the data center is used by supporting
infrastructure such as HVAC and lighting. More power is delivered to the IT load, resulting
in a lower carbon footprint and lower energy-related OPEX for the facility.

Figure 4. Share of facility power for each load (IT and supporting infrastructure), the width of each
arrow is proportional with its share of power. It can be seen that over the years, in newer facilities
a larger share of total power entering a facility in consumed by IT load which translates to higher
efficiency of a facility for a specific computational workload, a lower PUE and lower carbon footprint
considering scale.

Figure 5 shows an Open Compute Project (OCP) v3 High Power Rack (HPR) 4 IPCS
architecture [47] with the respective input power of each stage. It can be seen that the
IPCS or PDA of a data center consists of cascading power converters, each with a specific
function. As a result, any efficiency improvement or power consumption reduction in
the downstream near the IT load can save even more power due to the power cascading
effect. This also shows that on-site integration of renewables, or lower-voltage integration
(e.g., connecting to the power rack output rather than Low Voltage AC (LVAC) or Medium
Voltage AC (MVAC), can be more effective at reducing a facility’s carbon footprint for
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facilities with lower installed capacity, as discussed in detail later. Equation (2) can be used
to determine the input power of stage i of a total of j stages, where ei is the efficiency of
each stage. For example, for the system shown in Figure 5, the total facility power from
MV grid (excluding non-IT loads) is calculated in Equation (3).

Pin,i =
PTotal,IT Load

∏
j
n=i en

, (2)

Pin,1 =
PTotal,IT Load

∏4
n=1 en

=
PTotal,IT Load

eMV·ePR·ePSU·ePoL
. (3)

Figure 5. OCPv3HPR3&4-based PDA, each arrow notes the input power to each stage.

Data center workloads generally exhibit diurnal load patterns due to variations in user
activity, as well as peaks caused by special events and holidays [44]. Modeling the exact
power consumption is complex because it depends on multiple, often difficult-to-measure
factors, including hardware specifications, computational workloads, application types,
and cooling requirements. The power consumed by the hardware, the running software,
and the surrounding cooling and power infrastructure are all closely coupled.

Power consumption in a computer system is fundamentally divided into two com-
ponents: static (baseline) power and dynamic (active) power, Static power is consumed
regardless of the system’s operational state, encompassing power waste due to semicon-
ductor leakage currents (in xPUs, memory, I/O), fans, and the minimum power required to
run the operating system and idling tasks. Dynamic power varies with the computational
load or utilization. Most existing power models focus heavily on lower-level hardware
systems, particularly processor power consumption, often overlooking components such
as system fans and Solid State Drives (SSDs) [48]. In large hyperscale data centers, such as
those built by Meta, these loads exhibit characteristic diurnal usage patterns. A key goal
of power management is to improve energy proportionality, aligning power consumption
closely with workload utilization to reduce the significant static power consumed during
idle periods.

2.2. Impact of IT Load Variability in AI Loads and Solutions

IT load variability poses a major challenge for efficient data center operation, par-
ticularly given the dynamic, often spike nature of modern workloads, including those
associated with AI and data analysis [49]. Many traditional energy management ap-
proaches primarily focus on modeling and managing xPU energy consumption. However,
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this narrow focus overlooks other critical subsystems whose contribution to overall energy
consumption is growing [50].

Modern cloud data centers utilize huge storage subsystems and handle increasing
communication traffic, making disk and Network Interface Card (NIC) subsystems sig-
nificant contributors to energy consumption, alongside xPU and memory. Data analysis
applications, which form the backbone of many AI and machine learning tasks, are typi-
cally classified as either data-intensive (I/O-bound) or computation-intensive [43]. While
computation-intensive tasks place the highest demand on the xPU core (s), a holistic energy
consumption model must incorporate the characteristics of the application (e.g., transac-
tional web task, xPU-intensive task, or I/O intensive task) along with the energy consumed
by the xPU, memory, disk, and NIC. Ignoring these components leads to inaccurate mod-
eling and ineffective energy optimization algorithms, such as those governing virtual
machine migration or resource provisioning [50].

The high variability in IT loads, driven by unpredictable user activity and complex
applications, demands robust power delivery and stability solutions. In large-scale, real-life
hyperscale data centers, job scheduling decisions aimed at mitigating environmental impact
(such as shifting jobs to “greener” hours) are complicated by the highly variable, real-time
resource and power usage [51].

2.3. Power Quality and Reliability Requirements

Maintaining power quality and consistency is paramount in data center operation,
as highly sensitive IT equipment requires stringent environmental controls and reliable
power delivery to ensure continuous, dependable service [52]. The ability of a data center
to deliver services depends directly on its reliability, which is defined as the probability
that the system will perform its intended function adequately for a specified period under
operating conditions. Since data center components are repairable, the index of availability
is widely used in reliability modeling [53]. Inherent availability is defined in Equation (4).
MTBF is the Mean Time Between Failures and is defined by Equation (5), where λ is the
failure rate and is defined as the rate at which a failure occurs per unit time in a specific
interval. MTTR is the Mean Time to Repair a failure and return the unit to operation.

Availability =
MTBF

MTBF + MTTR
, (4)

MTBF =
1
λ

(5)

Based the availability index, the measure of reliability in data centers is reflected
through uptime and the ability to meet mandated Service Level Agreements (SLAs). The
Uptime Institute established a formal Tier Classification system (Tier I through Tier IV) to
standardize design topologies and required levels of availability. This classification evalu-
ates the data center’s ability to withstand failures in the power supply system and allow
maintenance activities. The tier level for electrical infrastructure is primarily determined
by the availability of the IPCS, which includes the backup generator supply, PDA, and
utility interfaces. Tier IV, the most reliable, requires high redundancy in the power path
to critical loads. However, this deterministic approach for calculating availability often
overlooks vital factors such as the probability of grid supply outages, component failure
rates, and random failure modes within the complex IPCS [53]. Table 1 shows the required
availability for each of the tier classifications [54].
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Table 1. Expected Availability, Redundancy and Downtime of different tier classifications. Based on
rewarded cases.

Tier Redundancy Level Expected
Availability

Annual Downtime
(Approx.)

I No redundancy (single path) 99.671% 28.8 h
II Redundant components, single path for power/cooling 99.741% ~22 h
III N + 1 redundancy, multiple power/cooling paths (only one active) 99.982% ~1.6 h
IV 2N or 2N + 1 redundancy, fully independent paths 99.995% ~26.3 min

The reliability and availability tiers are another aspect that can be both a challenge
and a driving force for renewable sector growth in data center industry. Renewable Energy
System (RES) integration offers new opportunities to improve facility availability tier, as
developing the IPCS with on-site RES into a microgrid with islanding capabilities, will
significantly improve the tolerance of the facility to IPCS failures specially in MV frontend,
UPS, PFC or power racks. It will open up new opportunities for RES integration and
carbon footprint reduction in data centers, through multi-objective Capital Expenditures
(CAPEX) and OPEX optimization using availability tier improvements as another aspect of
system upgrade.

2.4. Limitations of Conventional Grid-Tied Architectures

Traditional data center operations are primarily dependent on the electrical grid for
power [55]. This conventional reliance on the grid creates significant sustainability and
operational limitations, especially concerning carbon emissions, peak power management,
and the integration of renewable energy [56].

2.4.1. Environmental Constraints and Carbon Footprint

The primary limitation of a conventional grid-tied architecture is its direct link to
carbon pollution. Due to data centers’ enormous and growing energy usage, they indirectly
contribute substantially to global CO2 emissions, estimated potentially up to 720 million
tons by 2030. Meeting ambitious environmental goals, such as those set by the UN’s Carbon-
Free Energy Compact or government initiatives aiming for carbon-free electricity, requires
decoupling data center power consumption from fossil-fuel-intensive grid sources [57].
Figure 6 shows total carbon emissions from data centers around the world in MTons derived
based on electricity consumption and carbon emission correlation [58].

 

Figure 6. Yearly CO2 emissions from data centers around the world (includes projections).
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2.4.2. Economic and Operational Inflexibility

Electricity pricing exhibits considerable variability over time and across locations,
influenced by factors such as fuel costs and regulatory constraints. For data centers,
power costs can become a significant economic burden, sometimes surpassing the cost of
purchasing the hardware itself. Conventional grid-tied systems expose operators to high
electricity demand charges, especially during peak load times [59]. Managing data center
load becomes complex because the interactions among hardware, software, cooling, and
the power infrastructure are highly linked. Integration of RES can offer opportunities to
reduce power cost related to OPEX, even if RES capacity is not sized to fully support facility
power consumption.

2.4.3. Inability to Utilize VRE

The increasing penetration of VRE sources like solar and wind into the grid creates
a challenge known as curtailment, in which excess VRE power cannot be absorbed by
the grid or used immediately. Conventional architectures struggle to effectively utilize
this excess, or “stranded,” green power. To address this, concepts like geographic load
balancing and temporal workload shifting have been proposed to mitigate curtailment and
reduce greenhouse gas emissions by migrating delay-tolerant data center workloads to
areas or times when cleaner or excess power is available. This demonstrates the limitations
of a static, grid-dependent architecture [60].

2.4.4. The Need for Hybrid and Microgrid Solutions

The rising volatility of renewable energy generation underscores the need for solutions
beyond simple grid-tie-in. Emerging strategies advocate integrating data centers into
more complex power systems, such as microgrids that incorporate diversified generation
sources [61].

Hybrid power supply systems, utilizing on-site renewable energy sources (such as
photovoltaic solar panels and wind turbines) coupled with ESS and potentially diesel
generators, are crucial for reducing reliance on the conventional grid and ensuring quality
service despite intermittent renewable energy supply [62]. Microgrid planning must focus
on capacity configuration that balances CAPEX with OPEX while robustly handling VRE
variability and unpredictable load demands. By adopting technologies such as electric
storage and managing batch loads, data centers can operate more efficiently and mitigate
the economic impact of VRE volatility, thereby moving beyond the constraints imposed by
conventional grid dependence [61,63].

3. DC Microgrids: Enabling Renewable Integration in Future
Data Centers

The growing scale of data centers, driven by the rapid expansion of cloud computing
and AI, has positioned them as colossal energy consumers, imposing significant strain
on traditional power grids and raising serious concerns about sustainability and reliabil-
ity [64]. To address these profound challenges, integrating data centers into microgrids
has emerged as a critical architectural solution, enhancing energy efficiency and reliability
while facilitating the adoption of RES [65]. Microgrids, defined as self-contained systems
integrating local power generation, energy storage, and flexible demand, offer a pathway
toward self-reliant operations capable of sustaining critical loads even during significant
utility grid disturbances [66].

https://doi.org/10.3390/en19010236

https://doi.org/10.3390/en19010236


Energies 2026, 19, 236 11 of 29

3.1. Open Compute Project and the Future of Datacenters from the Perspective of Tech Leaders

The Open Compute Project (OCP) is a collaborative community focused on devel-
oping and sharing specifications for efficient, high-availability data center infrastructure,
particularly rack and power architecture [67]. Historically, data centers relied on traditional
power delivery, featuring multiple front-end AC power supplies per server, typically with
N + N redundancy [47]. OCP drove the shift toward centralized rack power delivery, a
key innovation being the introduction of the 48 V DC distribution system (often operating
around 50–54 V) [30]. This architecture, exemplified by Open Rack V2.0 and V3, involves
centralized, scalable power shelves distributing 48 V DC over a standard bus bar. The
move from 12 V to 48 V reduced current by a factor of 4 at the same power, significantly
increasing efficiency and simplifying current distribution requirements within the rack.
The 48 V OCP architecture remains a staple for server and storage systems [29,68], and the
latest HPR versions of OCP V3 have significantly increased capacity, moving from 3 kW
per PSU to 5.5 kW, supporting rack power needs up to 190 kW [31,69].

However, the rapid escalation of power demands driven by AI/ML workloads, with
racks nearing or exceeding 100 kW, is challenging the limits of 48 V DC distribution. At these
higher power levels, 48 V requires increasingly larger and heavier bus bars, necessitates
active cooling for higher currents, and requires excessive rack space for power components
such as AC/DC converters and Battery Backup Units (BBUs) [70]. To overcome these
limitations, the future architecture involves migrating to HVDC distribution, specifically
the bipolar +/−400 Vdc system, which delivers power with lower current and minimal
distribution loss (near 0%). Adopting +/−400 Vdc enables the AC/DC power conversion
and battery backup systems to be relocated off-rack, often into a dedicated “Sidecar” power
rack. This disaggregation strategy frees up the premium rack space entirely for computing
payload (GPUs or TPUs), maximizes rack density, and offers enhanced energy efficiency and
compatibility with emerging microgrid solutions. This high-voltage approach leverages
the mature component ecosystem initially developed for the EV industry, positioning
+/−400 Vdc as a crucial step toward future-proofing data centers for even higher-density
requirements [71].

3.2. DC vs. AC vs. Hybrid Microgrids in Data Center Applications

The choice of microgrid topology AC, DC, or Hybrid AC/DC is critical for data
center applications, given the facility’s immense energy demands and strict reliability
requirements [65].

DCMGs are rapidly gaining traction, particularly because they align well with the
native characteristics of RES and ESS. DCMG minimizes unnecessary conversion steps,
directly reducing associated losses and increasing overall energy efficiency [72]. Figure 7
shows a possible DCMG implementation in the OCPv3HPR4 architecture. The simple
integration of RES and ESS due to lower number of conversion stages and as a result, lower
CAPEX and OPEX due to simpler IPCS and lower power loss is the main advantage of
this architecture.

Key advantages of DC systems in the data center environment include the following:

• Simplified control and stability: DC systems are inherently free from complex issues
that plague AC grids, such as frequency stability, reactive power compensation, and
phase synchronization requirements. Control complexity is consequently reduced in
DCMGs [72].

• Efficiency: DC transmission is often considered more efficient than traditional AC
transmission. Modern electronic loads, which constitute the core of data center IT
equipment, are inherently DC consumers, supplying them directly with DC eliminates
the need for internal AC-to-DC rectification stages, thereby reducing losses [21,73].
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Figure 7. DCMG-based data center facility with OCPv3HPR4 PDA. The ESS and RES are integrated
into the bipolar HVDC facility distribution system.

• Reliability: The bipolar DCMG configuration offers enhanced reliability because the
remaining two healthy lines can still supply loads should one wire experience a fault.
Furthermore, studies focusing on low-voltage bipolar DCMGs aim to provide super
high-quality distribution, which is highly desirable for sensitive data center loads [74].

Despite these benefits, DC systems present significant challenges:

• Protection complexity: DC systems lack the natural current zero crossing inherent in
AC systems, making fault current interruption and arc quenching considerably more
complex and challenging for protection schemes [75].

• Inertia issues: due to the high penetration of Power Electronics Converters (PECs) in-
terfacing distributed generators, DCMGs exhibit low rotational inertia, which can lead
to rapid voltage fluctuations and stability issues when disturbances occur. Integrating
ESS is essential for providing adequate inertia support [75].

• Standardization: the architecture and implementation of DCMGs are still hampered by
a lack of dedicated standards and legislation, especially regarding voltage levels and
safety protocols. International partnerships, such as the CurrentOS organization, aim
to bridge the gap and provide technical documents to unify DCMG implementations
and remove obstacles to the development of new facilities based on DCMG [76].

• Limitation of over-the-shelf (OTS) components: Due to the dependency of the industry
on the OTS components, the new generation of PDAs for datacenters, like the DCMG or
power rack (Google Sidecar) based PDAs, are limited to the use of OTS components for
those architectures. It is expected that this limitation will be overcome soon by using
OTS components from the EV industry, which widely utilizes DC systems, including
distribution, power conversion, protection, and control, with minimal changes for the
datacenter industry.

Figure 8 summarizes the challenges and main benefits of DCMG for data centers.
AC Microgrids typically suffer from greater complexity due to the need to manage

reactive power flow, ensure synchronization among distributed generators, and address
voltage magnitude and phase angle differences, all of which contribute to system stability
and efficiency [77].
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Hybrid AC/DC microgrids aim to capture the best aspects of both worlds by employ-
ing an interlinking converter to manage power flow between interconnected AC and DC
buses [78]. This approach allows for the integration of traditional AC infrastructure along-
side native DC sources and loads. While conceptually flexible, hybrid systems introduce
substantial complexity in terms of overall system structure and coordination control strate-
gies. Research on hybrid grids is focused on developing coherent models and seamless
transitions between operating modes [79].

Figure 8. Advantages and limitations of DCMG as an alternative to current PDAs in data centers.

Table 2 shows the advantages and challenges of a DCMG from the lens of a techno-
financial analysis. Due to numerous factors that can affect the energy and component price
in a facility, it would be inaccurate to provide any quantitative information. In Ref. [80], a
techno-financial comparison of AC and DC systems for PV integration is provided. It is
observable that, although DC systems currently have a higher CAPEX, long-term OPEX
compensates for it because of higher efficiency.

Table 2. Qualitative comparison OPEX and CAPEX of some of the aspects of legacy AC systems
and DCMG.

Category DC Microgrid AC Legacy System Notes/Source

Conversion Equipment
CAPEX

Lower due to fewer converters
(DC-DC only)

Will improve with DC OTC comments
becoming more available

Higher due to multiple AC/DC
and DC/AC converters

DC microgrids reduce number of
power conversion stages, lowering

CAPEX for converters [81].

System Efficiency
Impact on OPEX

Higher efficiency, lower energy losses
and as a result a lower OPEX

Lower efficiency and
a higher OPEX

NREL/Bosch comparative studies
show ~6–8% less energy loss for DC
microgrid architecture vs. AC [82].

RES and ESS Integration
Complexity &
Cost (CAPEX)

Easier direct integration of RES and
ESS and reduced CAPEX for ESS and

RES integration

Requires DC/AC inverters and
additional hardware, hence a

higher CAPEX

DC microgrids facilitate direct
connection of renewable sources and

energy storage systems reducing
conversion hardware [83].

Control &
Protection CAPEX

Simpler control (no frequency sync)
and potentially lower control costs;
Protection system immaturity and

complexity (challenging arc stop and
no zero-cross event) increase CAPEX

Mature protection systems
Protection is one of the main

challenges in DCMG PDAs while AC
protection is quite mature [81].

Energy Use &
Operational Savings

Potential OPEX reduction due to
reduced conversion losses

(6–15% or more)

Higher OPEX due to conversion
and reactive losses

Multiple studies indicate overall
microgrid/DC use lowers energy

loss costs [81].

Reliability Impact on OPEX Higher reliability reduces downtime
costs, lowers maintenance frequency

AC power converters increased
complexity and footprint can

increase maintenance time

DC scale reliability can positively
affect operating uptime [82].

It is also very important to note that for future AI and LLM datacenters, DC is a
mandatory upgrade to make very high power densities required by 100 kW racks possible.
A DC distribution increases the available space inside the PSUs for an upgrade to higher
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power ratings and opens up new possibilities for PoL converters to be able to supply the
new power-hungry chips. Consequently, quantitively, DCMG will perform even better in
datacenters than the available data from rural, urban or industrial cases. Because, it will
provide substantially more advantages.

For data centers specifically, the operational efficiency afforded by DC distribution
is a major driver, offering improved efficiency and reliability for sustainable data center
design. The main obstacle in full implementation of such systems in new facilities is the
challenges related to the DCMG, lack of standardization, and most importantly, the lack
of Over-the-shelf (OTS) components because of the long history of dependency on AC as
the primary PDA in data centers. Ideas like super-UPS try to overcome the challenges by
offering a first step through upgrading existing systems, like the main UPS, which is a part
of every data center PDA. Figure 9 shows the Super-UPS system. The idea is to utilize
the inner DC-link inside the Back-to-Back (BTB) converter of the online UPS to create a
smaller-scale DCMG that can incorporate multiple RES and ESS in DC architecture into the
facility without the need to use multiple DC-AC and AC-DC conversion stages or stability
challenges related to AC systems [84]. The green data net (GDN) UPS is a similar idea to
the super UPS as a means of RES integration without significant system change, while also
improving system redundancy [39].

Figure 9. Super-UPS, a first step towards hybrid microgrids and DCMGs in data centers. RES and
ESS are integrated using the DC link of BTB converter. Super-UPS can facilitate microgrid integration
into legacy data center as it does not change the PDA.

3.3. Power Electronic Interfaces and Control Coordination

The functionality and performance of a data center microgrid are intrinsically tied
to the performance of its power electronic interfaces and the sophistication of the control
coordination strategies employed [22]. These interfaces manage the flow of power among
diverse sources, storage systems, the loads, and the utility grid. Power electronic interfaces
in a typical grid-interactive DCMG architecture include the following:
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• RES: RESs are commonly coupled to the DCMG via unidirectional converters. These
converters implement MPPT algorithms (such as the Perturb and Observe method) to
maximize energy extraction under varying environmental conditions [85].

• ESS: ESSs utilize bidirectional DC/DC converters to manage charging and discharging
dynamically. These devices must handle bidirectional power flow [72].

• Grid interface: the connection to the external utility grid is managed by a Grid-Side
Converter (GSC), typically Cascaded H-Bridge (CHB) or Modular Multilevel Converter
(MMC) based, coupled through a transformer. The GSC’s primary function is real
power trade at unity power factor, but it is also utilized for ancillary services such as
reactive power support or harmonic mitigation. It is worth noting that in legacy AC
data center PDAs, power factor correction and harmonic mitigation were implemented
by the central UPS, which was typically a BTB AC/AC converter [85].

Detailed study of PECs for DCMG and specifically data center DCMG is out of the
scope of this review, however PECs are the fundamental blocks of the system that enable
complex control hierarchy required to integrate RES and implement DCMG for a critical
load such as a hyperscale data center. Any improvement in PECs, directly translates to
more degrees of freedom and availability of more complex control, which corresponds to
increased penetration of RES in data center facilities.

Control Coordination and Hierarchy

Effective microgrid operation, especially when sensitive data center loads are involved,
relies on multilayered control coordination [75].

1. Lower level control (converter control): This involves high-speed inner control loops
responsible for current control and specific device performance (e.g., MPPT). In GSC
grid-connected mode, an inner and an outer loop are used: the outer loop controls the
DC bus voltage magnitude, and the inner loop controls the input current.

2. Middle/upper level control (coordination and operation modes): this layer dictates
the roles of the converters based on system needs, managing the transition between
operating modes, most notably grid-connected mode and islanded mode [85]. This
layer also controls ESSs and their share of power supply (e.g., in islanded mode) and
their Stage of Charge (SOC) control.

Main upper level control systems include:

• DC bus signaling: a prevalent decentralized coordination strategy involves using
the DC bus voltage level as the communication signal. Different voltage thresholds
are assigned to converters; crossing a threshold triggers a specific action, such as
an energy storage unit beginning to charge or discharge. This mechanism enables
power electronic devices to perform smooth switching between various operational
modes [86].

• Voltage stabilization roles: in grid-connected mode, the bi-directional AC/DC con-
verter (GSC) is primarily responsible for stabilizing the DC bus voltage magnitude.
However, in islanded mode, this crucial role shifts, and the bidirectional DC/DC
converter becomes the voltage source, maintaining a stable DC voltage for critical
loads [87].

• Hybrid storage management: sophisticated controllers manage hybrid energy storage
by assigning responsibilities based on storage characteristics. Control filters and rate
limiters are used to separate power components with different storage dynamics.
For example, in a battery and supercapacitor-based Hybrid Energy Storage System
(HESS), the battery handles low-frequency (slow) dynamics, thereby extending its
life. In contrast, the ultracapacitor handles the high-frequency (fast) dynamics. This is

https://doi.org/10.3390/en19010236

https://doi.org/10.3390/en19010236


Energies 2026, 19, 236 16 of 29

controlled by a specific controller controlling energy flow of each, according the power
requirement [88].

3.4. Energy Management Systems and Demand Response Integration

EMS is the intelligence core of a data center microgrid and uppermost control layer, re-
sponsible for optimal economic operation, resource scheduling, and managing the dynamic
interaction between energy supply and computational demand [89].

3.4.1. EMS Objectives and Functions

The primary goals of the EMS in a DCMG context are multivariate [90]:

• Cost and environmental optimization: minimizing long-term operational costs, in-
cluding electricity bills, generation costs, and ESS depreciation [65]. Simultaneously,
EMS aims to maximize the use of renewable energy and reduce carbon dioxide emis-
sions [91].

• Resource scheduling: coordinating the scheduling of on-site generation units such as
combined heat, micro-gas turbines or thermal units, utility power procurement, and
the allocation of computational workloads [92].

• Dynamic response: leveraging real-time data and forecasting techniques for dynamic
energy balancing, particularly managing battery storage charge/discharge cycles and
optimizing power distribution [90].

3.4.2. Demand Response Integration via Workload Flexibility

Data centers possess immense potential for DR due to their status as large, highly
automated, and controllable loads. Unlike traditional industrial facilities, data centers
can achieve DR by modulating IT operations, shifting load temporally, and manipulating
power consumption profiles [93].

Key mechanisms for integrating DR include the following:

• Workload scheduling and shifting: overcoming the traditional limitation of treating
IT load as uncontrollable, advanced algorithms realize high-density IT power load
controllability [94]. This is achieved by exploiting the characteristics of delay-tolerant
computational workloads, which are considered highly promising, flexible resources
for power regulation [95].

The optimization process involves establishing time-shifting models for different types
of delay-tolerant tasks, such as short-running deferrable, long-running continuous, and
long-running interruptible workloads, to participate in day-ahead power scheduling [95].

Optimal scheduling with task transfer can effectively realize the transfer of both
electricity and cooling loads, subsequently improving the performance of the Integrated
Energy System [92].

• Dynamic voltage frequency scaling: servers utilize dynamic voltage frequency scaling
techniques to scale the service rate and electrical power of data processing dynamically.
This capability enables servers to operate in various states, allowing the data center to
participate in integrated demand response by simultaneously optimizing energy and
information flows [96].

• Thermal inertia exploitation: data centers generate significant waste heat, which links
the electricity load, waste heat, cooling load, and workload in a deep relationship. The
intrinsic thermal inertia of the inside air and infrastructure permits flexible cooling
management. By setting an acceptable temperature range, the data center can relax
strict constraints, making the cooling process responsive to energy availability and
cost signals [96,97]. This waste heat can also be recovered and optimally scheduled
alongside other resources to improve overall energy efficiency [94].
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Figure 10 shows a DCMG based RES and ESS integrated data center facility with
grid-connected or islanded operation capability. Lower lever operation modes is shown
with each PEC interface. This shows the numerous combinations of different operation
mode of each PEC, that should be managed by upper control layers and finally by EMS.
This clarifies the extent of complexity of a DCMG based data center EMS and control
especially considering reliability requirements of data centers. Each of the operational
modes can be triggered based on load power consumption, utility grid condition, SOC of
ESSs, generation of green fuel power plants and solar and wind conditions. Also, the GSC,
when operating as rectifier or inverter, can operate in several sub-modes like grid forming
and grid following source [98] or load [99], as well as, voltage control mode in rectifying
mode. It is worth noting that the mentioned modes in Figure 10 are quite simplified, as
control of BESS, HSS, GSC, solar and wind each include complex control systems that is
out of the scope of this study.

 

Figure 10. DCMG based data center control layers, and operation modes of GSC, RES, ESS, and Load.
The complexity of control and possibility of numerous operational states in the system due to large
number of operational states in each sub-system is illustrated.

4. Renewable Energy Integration Strategies
The solution to reducing data center carbon footprints proposed by major cloud

providers and researchers involves significantly increasing the use of RES to meet power
demand [100]. However, integrating RES like PV and wind power introduces complexities
due to their inherent characteristics: variability, intermittency, and unpredictability [97].
This instability necessitates sophisticated strategies for energy supply management, storage
optimization, and workload adaptation, forcing a significant paradigm change in how
energy and computation activities are managed [39]. The following sections explore the
major strategies employed to integrate RES effectively into data center operations.

4.1. On-Site vs. Off-Site Renewable Sourcing

Data center operators generally pursue renewable energy through several channels,
which can be broadly classified by energy source: on-site generation, off-site generation,
power purchase agreements, and renewable energy certificates [101].
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4.1.1. On-Site Renewable Generation

On-site generation involves physically installing renewable energy plants directly at
the data center facility. This approach transforms the data center from a mere consumer
into an energy prosumer [101].

The most common on-site sources investigated for data centers are PV and wind
turbines [102]. Other emerging green power supplies can serve as controllable baseload
power, including fuel cells, biofuel-based gas turbines, and biomass generators [102]. The
DATAZERO project, for example, focuses on powering a data center exclusively with
locally generated solar and wind power [103].

A primary benefit of co-location is the minimization of energy transmission and
distribution losses, which can be up to 15% when energy is transported over long distances
via the grid [104]. Self-generation grants data center operators greater flexibility and control
over capacity planning and daily power management. Furthermore, on-site generation can
help reduce peak grid power costs [101]. By reducing reliance on the grid, operators can
also minimize reliance on fossil fuels used by power utilities, which can be costly and less
green [42].

Despite the advantages, on-site RES adoption faces several challenges. Due to the
inherent characteristics of solar and wind, the power supply is often intermittent and
variable [20]. This requires compensatory mechanisms, such as energy storage or grid
access, to maintain stability. The capital costs and required space are also significant barriers.
While studies suggest that space requirements and capital costs for solar may decrease
rapidly in the future, solar energy currently consumes substantial space and remains
relatively expensive [105]. For instance, a cloud provider like Apple invested in creating
renewable energy plants globally, achieving a large cumulative installed power capacity
predominantly from solar (77.2%) and wind (21.6%) by 2020 [37]. However, the high
financial investment required for this type of installation may be impossible for smaller
IT companies. Moreover, the data center’s location may not be optimal for renewable
energy production.

4.1.2. Off-Site Renewable Sourcing

Off-site renewable sourcing generally refers to grid-centric approaches in which a data
center purchases renewable energy generated elsewhere. This separation allows generators
to be optimally placed for maximum productivity, while the data center operator focuses
on efficiently managing the IT facility [101].

Data center operators frequently use Power Purchase Agreements (PPAs), which are
contracts to purchase renewable energy from a third-party producer at a negotiated and
often fixed price [37]. These agreements typically include bundled certification, allowing
the operator to claim that the purchased electricity comes from a Carbon-Free Energy
source. RECs function similarly, enabling operators to claim that a certain amount of their
electricity is sourced from renewable sources [39]. PPAs also accelerate the decarbonization
of local electrical grids by encouraging investment in new renewable energy plants.

A key challenge of off-site approaches is that the physical electrons supplying the
data center must still travel through the general electrical grid. Even after a PPA is signed,
the electricity delivered to the data center typically originates from the nearest generating
plant, which may not be renewable. Furthermore, transporting electricity over long dis-
tances incurs energy losses. Grid-centric approaches also mean the data center is entirely
dependent on the grid’s availability and reliability [42].

Figure 11 summarizes the RES integration strategies and depicts the main actors in
the process.
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Figure 11. Strategies of RES integration. Through on-site RES (owned by data center) or off-site RES
through PPAs and RECs with grid operator who handles a number of PPAs with private renewable
energy sector which may include a combination of different RES types and ESS integrated into grid.

4.2. Hybrid Renewable Systems and Optimization of Energy Mix

Hybrid renewable energy systems are configurations that deliberately combine multi-
ple energy sources (intermittent RES such as PV and wind turbines, baseload generators
like fuel cells and natural gas turbines, and backup storage like batteries and hydrogen )to
overcome the limitations of relying on a single source, thereby enhancing overall reliability
and efficiency [103].

A robust hybrid system might feature a mix such as a natural gas turbine, PV, wind
turbines, and battery storage. The natural gas turbine provides a baseload supplement to
the intermittent solar and wind sources. The most complex autonomous systems, such
as those investigated in the DATAZERO project, incorporate PV, wind turbines, battery
storage for short-term balance, and hydrogen storage (electrolyzer/fuel cells) for long-term
seasonal stability [39,103].

The fundamental goals of hybrid RES optimization are multi-objective: maximizing re-
newable penetration, minimizing the Levelized Cost of Electricity (LCOE) or total electricity
bill, reducing carbon emissions, and ensuring system stability and meeting SLAs [105].

4.2.1. Sizing and Configuration Optimization

Optimal system design involves determining the ideal composition and capacity of
each energy component.

A study analyzing hybrid systems for a data center model in Tianjin, China, ranked
configurations based on these metrics: PV-wind turbine-battery was the best option, fol-
lowed by PV-wind turbine, PV-only, and wind-only [100]. Generally, the larger the PV-rated
power, the higher the renewable penetration achieved. Without battery capacity, PV-only
systems achieved about 20% RP, increasing to 32% with additional battery storage.

In optimizing the mix of sources, differing results suggest distinct optimal solutions
based on environment and demand profile. One analysis found that the optimal port-
folio contained more solar than wind because solar was less volatile and aligned better
with IT demand [106]. Conversely, another study found that maximizing renewable use
while maintaining economic viability was best achieved through a balanced approach that
prioritizes wind energy, strategically incorporates solar, and optimally deploys battery
storage [107].
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4.2.2. Load Management and Demand Shaping

A critical strategy in facilitating RES integration is adapting the computational load
(demand) to match the variable renewable supply [108].

• The Virtual Battery Concept: This concept shifts computational demand to match
available power, effectively treating flexible computation as a battery. This requires
applications to be delay-tolerant or to migrate to locations where power is proactively
available, or is predicted to be [109].

• GreenSwitch and GreenHadoop: These model-based approaches dynamically manage
workloads (particularly batch jobs, which are often deferrable) and select energy
sources to maximize green energy consumption [42].

• Active Delay: Active Delay actively adjusts the execution time of deferrable workloads
to temporally align the data center’s power demand with the smoothed renewable
energy generation, thereby improving utilization [110].

• Geographical Load Balancing: For geo-distributed data centers, workloads are dynami-
cally distributed across sites based on local renewable energy availability, time-varying
electricity prices, and weather conditions [111]. The GreenWare middleware, for ex-
ample, dynamically dispatches requests across distributed data centers to maximize
the use of renewable energy, subject to desired cost budgets and QoS constraints [20].

• Instability-Resilient Allocation: To address the inherent instability of RES, advanced
systems utilize predictive models (often deep learning) to match renewable resources
to workloads based on probability profiles [105]. An instability-resilient allocation
framework maps renewable energy sources (which have different instability profiles)
to specific physical machine) groups corresponding to their Service-Level-Objectives.
This ensures that the probability of the renewable source producing enough energy is
no less than the Service-Level-Objectives required by the workload, thus minimizing
Service-Level-Objective violations due to insufficient renewable supply [112].

4.3. Case Studies of Renewable-Powered Data Centers

Numerous projects, both academic and industrial, have demonstrated the viability
and benefits of integrating RES using advanced strategies.

4.3.1. Tianjin Hybrid Power System

A foundational study modeled a data center in Tianjin, China, using a hybrid power
system comprising a natural gas turbine, PV, wind, and battery storage. The analysis
compared several configurations based on RP and LCOE. The results showed that the
PV-wind-battery configuration provided the best balance of high RP and low cost. The
findings also provided specific optimized sizing recommendations for the investigated
model [102].

4.3.2. DATAZERO Project

The DATAZERO project represents a cutting-edge effort to achieve complete energy
autonomy. The goal is to establish a 1 MW data center powered entirely by local, 100%
renewable energy sources (solar PV and wind turbine), bypassing the conventional grid
entirely [39]. The infrastructure incorporates complementary storage technologies: Li-Ion
batteries for short-term fluctuations and an integrated HSS utilizing an electrolyzer and
fuel cells for long-term (seasonal) storage. This approach goes beyond traditional backup
power (diesel generators and lead-acid batteries) by introducing “data center long-term
green energy storage” [103].

The key innovation is a negotiation protocol between the IT decision module (work-
load scheduling) and the power decision module (energy optimization). This negotiation
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ensures that intermittent generation is matched to the computational demand, enabling
high availability despite the intermittent nature of the sources. The objective is to achieve
convergence between IT computation needs and the available electrical power profiles [103].

4.3.3. Parasol and GreenSwitch

Parasol is a research platform prototype, a solar-powered micro-datacenter featuring
solar PV panels, a battery bank, and a grid-tie connection. It uses an air-side economizer
for cooling when temperatures permit. GreenSwitch is the accompanying model-based
framework for managing the mentioned system.

GreenSwitch dynamically schedules the workload and selects the energy source to
minimize cost while maximizing green energy consumption. The system relies on a
predictor to forecast workload and renewable energy production, enabling the solver to
output optimized energy-use schedules. Real experiments demonstrated that applying
intelligent workload and energy source management via GreenSwitch yielded significant
cost reductions and effectively minimized the negative impact of electrical grid outages [42].

4.3.4. GreenWare and EcoMultiCloud (Geo-Distributed Management)

The use of software systems to manage geo-distributed data centers is essential for
maximizing renewable energy benefits by exploiting spatial and temporal diversity [113].

GreenWare is a middleware system that uses dynamic request dispatching to maximize
the percentage of renewable energy used across a network of distributed data centers, con-
strained by the operator’s desired cost budget and QoS requirements. GreenWare models
the intermittent generation of wind and solar power based on local weather conditions [20].

And EcoMultiCloud investigated in a scenario with four geographically distributed
data centers using on-site RES generators and battery storage. By adapting workload
allocation (VM assignment and migration) to align with energy costs and local green energy
availability, the system demonstrated that geographically distributed data centers can
significantly reduce their energy bills. Results demonstrated significant cost savings with
proper dimensioning of PV and battery capacity, and further reductions were achieved by
incorporating migration policies, even without storage [29].

4.3.5. Industry Examples

Leading technology companies have made significant public commitments to renew-
able energy integration:

• Apple: constructed a massive 100-acre solar farm adjacent to its iCloud data center in
North Carolina, designed to yield 84 GWh of clean, renewable energy annually. Apple
also reached a cumulative installed renewable power capacity of 1524 MW globally by
2020, demonstrating a commitment to self-generation and PPAs [37].

• Green House Data: an operational industry case study cited for running on 100%
renewable energy. This was achieved by leveraging renewable energy, virtualization,
free cooling, and geo-dispersed Modular Data Center nodes. The result was a 64.5%
reduction in energy costs, along with the elimination of carbon emissions associated
with operations [104].

• Google and Facebook: these major cloud providers have also emphasized their tran-
sition from grid energy to renewable resources in geographically dispersed config-
urations and have made pledges to achieve carbon neutrality. Google, for instance,
has operated its data centers using 100% renewable energy since 2017 (though often
through off-site sourcing, such as PPAs) [103].
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These case studies underscore the critical roles of sophisticated energy management
strategies, optimal hardware sizing, and workload scheduling in realizing the potential of
renewable energy to enable sustainable, economically viable data center operations.

5. Conclusions and Future Perspectives
Cloud computing, AI, and large-scale data analytics have made data centers a key

part of our digital world, but this growth has also increased energy use and environmental
impact. This review examined how data-center power systems have evolved, focusing on
the shift from traditional AC systems to DC and hybrid microgrids to improve efficiency,
resilience, and sustainability.

Today’s data centers face challenges such as high current density, power quality, and
the need to use RES. Traditional AC-based power delivery systems, with several conversion
steps and high distribution losses, cannot support current requirements. Moving to DC
systems helps solve these problems by reducing conversion losses, simplifying control, and
enabling better use of renewables and energy storage. These changes, supported by the
Open Compute Project and new WBG power electronics like SiC and GaN devices, are
important for building smaller, more efficient, and scalable systems.

Integrating DCMGs is a promising way to bring distributed renewables and storage
into data centers. They are easier to control, avoid reactive power problems, and are highly
efficient, making them a good fit for important IT environments. When combined with
HESS, DCMGs can keep running during grid problems and help data centers become
carbon-neutral. An intelligent EMS manages these parts, balancing changes in renewable
energy, improving workload scheduling, and reducing costs and emissions.

Research and industry projects like DATAZERO and Parasol, as well as efforts by
Google and Apple, show that running data centers entirely on renewable energy is possible.
However, achieving this goal requires integrated solutions across power electronics, control,
and computing. The next generation of data centers will become autonomous energy nodes
that can optimize themselves, interact with the grid, and provide additional services while
maintaining high uptime and service quality.

Future research can focus on areas like, creating standard DCMG frameworks for data
centers, improving DC protection and fault isolation, optimizing multiple energy sources,
including thermal and hydrogen systems, using AI for predictive control and digital twins
and strengthening cybersecurity and ensuring sustainability throughout the lifecycle.

The final integration will not be possible until all the current challenges are solved.
Some are financial like the higher CAPEX values with DC systems due to a lack of providers
and competitors with the existing vendors and also limited supply of OTS DC components
like ready to insert PSU racks. Another is the lack of standardization, which is currently
being improved by organizations such as CurrentOS. The protection complexity of DC
system is also a problem of CAPEX, rather than technologic challenge. Current solid-state
circuit breakers are capable of satisfying the requirements of such systems. However, their
prices are much higher than simple mechanical circuit breakers and such for AC systems.
We believe that projects like OCP supported by tech leaders will be the ones to unlock
the next phase of integration, because, as soon as tech leaders start incorporating such
systems, the supply of such components will significantly increase and the CAPEX will
drop significantly which will result in the widespread use of such systems.

In summary, integrating DC distribution, hybrid storage, renewable energy, and smart
energy management is the way forward to building carbon-neutral, resilient, and intelligent
data centers. These systems will support a sustainable digital future by aligning the growth
of global computing with environmental care.
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Abbreviations
The following abbreviations are used in this manuscript:

AI Artificial Intelligence
ML Machine Learning
LLM Large Language Model
GPU Graphics Processing Unit
TPU Tensor Processing Unit
CPU Central Processing Unit
DC Direct Current
AC Alternating Current
U.S. United States
OPEX Operating Expenditures
CAPEX Capital Expenditures
IEA International Energy Agency
PDA Power Delivery Architecture
HVDC High Voltage Direct Current
WBG Wide-Bandgap
SiC Silicon Carbide
GaN Gallium Nitride
VRE Variable Renewable Energy
ESS Energy Storage System
UPS Uninterruptable Power Supply
BESS Battery Energy Storage System
HESS Hybrid Energy Storage System
HSS Hydrogen Storage System
IT Information Technology
IPCS Internal Power Conditioning System
PDU Power Delivery Unit
PSU Power Supply Unit
PUE Power Usage Effectiveness
I/O Input, Output
xPU Processing Unit (any type)
OCP Open Compute Project
HPR High-Power Rack
LVAC Low Voltage Alternating Current
MVAC Medium Voltage Alternating Current
MV Medium Voltage
SSD Solid-State Drive
NIC Network Interface Card
MTBF Mean Time Between Failure
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MTTR Mean Time To Repair
SLA Service Level Agreement
RES Renewable Energy Source
PFC Power Factor Correction
CO2 Corbon Dioxide
UN United Nations
BBU Battery Backup Unit
EV Electric Vehicle
DCMG Direct Current Microgrid
GSC Grid-Side Converter
CHB Cascaded H-Bridge
MMC Modular Multilevel Converter
BTB Back-to-Back
PEC Power Electronic Converter
OTS Over-the-shelf
SOC State of Charge
PoL Point of Load
DR Demand Response
PV Solar Photovoltaic
WT Wind Turbine
PPA Power Purchase Agreement
RP Renewable Penetration
LCOE Levelized Cost of Electricity
QoS Quality of Service
REC Renewable Energy Certificate
TTM Trailing Twelve-Month
TDP Thermal Design Power
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