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Green and Low-Carbon Data Center
A new lever of flexibility, integration, and security

Paper Presented by Danfoss

Introduction

Digitalization is advancing at an extraordinary pace, and the rapid adoption of
artificial intelligence (Al) is reshaping every part of society. The core infrastructure
of this transformation is data center, providing the digital backbone that enables
modern society to progress.

The demand for data center’s computing power, storage capacity, and the resulting
energy need is accelerating far beyond historical rate, and in many regions, it has
outpaced infrastructure developments. Careful planning and integration of data
centers into our energy system is more urgent than ever and presents a critical
opportunity to build a smarter, more resilient energy system. Data centers are a
prerequisite to future technological advancements and for developing the solutions
needed to decarbonize our economies. They hold the power to significantly improve
energy efficiency in virtually all sectors, from transport to heavy industry.
According to the IEA, Al has the potential to deliver emission reductions equivalent
to around 5% of global energy-related emissions in 2035. As data centers become
ever more embedded in our daily lives, and our future, it’s clear that their expansion

will play a key role in shaping the next generation energy system.

We know that data centers consume significant resources as they carry out the
essential work of delivering the digitalization that we’re reliant on. Data centers
will consume as much as 3% of global electricity by 2030. Regionally, the impact
can be even more concentrated and harmful to the electricity grid. 80% of electricity
demand growth will be in China and the US. In the EU, demand is expected to triple.

¥ The views expressed in this report are those of the enterprise research and do not represent the official
stance or opinions of the forum host and organiser.
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Meanwhile, data centers use around 560 billion liters of water per year, potentially
increasing to 1,200 billion by 2030. Their impact on the energy system is already
significant and will intensify further unless we redefine the way we handle their

rapid expansion.

Seeing data centers solely as resource consumers only tells part of the story. In
reality, data centers represent one of the greatest untapped opportunities to
strengthen global energy systems. Embracing “Competitive decarbonization” turns
the green transition from a purely environmental responsibility into an economic
opportunity - a principle increasingly relevant to data centers. Through improved
resource efficiency, flexible operations, waste heat recovery and reuse, proper
integration into local energy ecosystems, alignment with renewable energy
generation, and supporting grid flexibility, we can turn these high energy-
consuming facilities into great assets. When managed effectively, data centers can
contribute to a resilient and efficient energy system. Therefore, policymakers can
help unlock the potential and address the challenges of rapid expansion by adopting
a holistic approach. Driving efficiency across both facility design and operations
can significantly lower the projected resource demand and ensure that digital
application growth does not outpace energy system capacity. A cross-sector,
collaborative approach can further the development and deployment of new

technologies and next-level efficiency.

It’s clear and resolute on the future we should pursue and build together.
Digitalization is accelerating across our economy and society, and its inevitability
can bring significant opportunities for innovation and efficiency. Now, we must act
with both urgency and vision. We must make resource efficiency a non-negotiable
foundation of data center operations and plan for data centers to become key

partners in the flexible, efficient, and resilient energy system of the future.

Kim Fausing

President & CEO, Danfoss
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Abstract

In the current era of deep integration between artificial intelligence and the digital
economy, computing infrastructure has become a foundational pillar supporting
global industrial innovation and societal digital transformation. As the core carriers
of computing power, data centers are evolving from traditional facilities focused on
computation and data storage for legacy IT systems into new infrastructure that

delivers both digital enablement and green transformation.

The expansion of digital technologies and Al applications is driving exponential
growth in computing demand, while simultaneously raising global concerns
regarding data centers’ energy and water consumption, as well as carbon emissions.
Balancing the stable supply of computing power with the mitigation of
environmental and resource pressures has therefore become a critical challenge

shared by industries worldwide.

Drawing on specialized research from authoritative organizations such as the
International Energy Agency (IEA), as well as global best-practice case studies, this
report explores pathways and practical strategies for the green and low-carbon
transformation of data centers in the computing era, helping the industry achieve a
sustainable balance between scalable computing capacity and low-carbon

development goals.

The large-scale deployment of intelligent computing power underpinning artificial
intelligence is the primary driver of rapidly increasing energy consumption in data
centers. The energy demand of Al large models is far higher than that of traditional
digital applications. With the expansion of multimodal Al scenarios, the pace of
computing demand growth now far outstrips the evolution cycle of conventional

semiconductor technologies.

According to a 2025 report by the International Energy Agency (IEA), the share of
global data center electricity consumption in total final energy use is projected to
double from 1.5% in 2024 to nearly 3% by 2030. This growth is accompanied by
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corresponding increases in water consumption and carbon emissions, posing

significant challenges to industry.

In response to the tension between surging computing demand and resource
constraints, the United States, China, and the European Union, which collectively
account for 85% of the global data center market, have implemented distinct

policy frameworks to guide and incentivize sustainable development.

Industry experience further demonstrates that data centers are not merely energy-
consuming facilities. They serve as the core computing foundation for high-quality
digital economic development and are an increasingly important participant in the
low-carbon transformation of the energy system. As low-carbon computing
becomes more widely deployed, data centers will play a critical role in enabling the

coordinated digitalization and decarbonization of traditional industries.

As critical infrastructure for a modern industrial system, data centers can achieve
substantial improvements in operational efficiency by establishing a full-chain low-
carbon technology system and deeply integrating with the energy system. Moreover,
they can be transformed into high-quality flexibility resources for emerging power

systems.
First, Reduce — Minimizing Energy at the Source

The core of reduction lies in improving the energy efficiency of computing
equipment. Generational upgrades of Al chips provide the foundational support for
decoupling the growth of computing capacity from the rise in energy consumption.
In parallel, the large-scale deployment of advanced cooling technologies, such as
liquid cooling, offers mature solutions for enhancing energy efficiency in high-

density intelligent computing centers.
Second, Reuse — Recovery and Utilization of Waste Heat

Data centers generate substantial amounts of low-grade waste heat during operation.
By employing heat pump technologies to upgrade this heat and integrating it into

district heating systems, energy can be utilized in cascaded stages. Multiple projects
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in Nordic countries and China have demonstrated the dual economic and

environmental benefits of this approach.
Third, Resource — Leveraging Energy and Carbon Value

Value reconstruction can be achieved through deep integration of data centers with
renewable energy systems. By deploying an integrated layout of generation-grid-
storage-load, and through market-based renewable electricity transactions, data
centers can enhance local renewable energy absorption. Their temporal and spatial
load flexibility, combined with cross-regional computing dispatch and demand
response participation, enables data centers to evolve from mere energy consumers
into low-carbon heat providers and critical enablers of renewable energy integration

and new power system development.

Looking ahead, the green and low-carbon development of data centers requires not
only continuous technological innovation to secure a baseline of energy efficiency,
but also a systems-thinking approach to integrate and coordinate computing,
thermal, and electrical resources. This holistic approach ensures that the growth of
the digital economy is compatible with low-carbon transformation, positioning data

centers as a key driver of societal green transition.

1. Breaking the energy gridlock of data centers

Over the past two decades, the global data center industry has experienced rapid
growth. Driven by continuous technological innovation and integration, data
centers have evolved from traditional computing centers and information centers to
cloud centers and are increasingly transforming into computing power hubs. The
world is quickly embracing new digital technologies and Al. Their use is becoming
part of everyday life: industries test new products virtually, various mobile social
and streaming applications, accurate weather forecasts we are witnessing major
breakthroughs in the treatment of serious diseases. It’s already clear that Digital
information technologies and artificial intelligence are changing how we live and

the appetite for it will only continue to grow. Now the important challenge is how
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to support this growth while simultaneously managing the demands data centers
place on critical resources. Governments and other decision-makers are responsible
for enabling this growth while also managing data centers’ demand for resources
such as energy and water. Fundamental to preventing energy gridlock is energy
efficiency of computing infrastructure and integration data centers into our energy

systems to enable coordination between computing power and the energy system.
1.1 The Computing Era Is Driving A Surge In Resource Demand

From a global perspective, data center compute and storage capacity have become
the “new oil” of the digital economy. In recent years, the accelerated adoption of
artificial intelligence (AI) technologies has made Al servers a rapidly emerging core
driver of energy consumption growth in data center computing infrastructure. Data
shows that the energy consumption per request for large AI models, as well as Al-
enabled search engines, is significantly higher than that of traditional search engines.
For example, a standard Google search consumes approximately 0.3 watt-hours per
request, while a single request processed by the ChatGPT large model consumes
about 2.9 watt-hours.! As large Al models evolve from text generation to more
computationally intensive applications - such as text-to-image and text-to-video -
the demand for computing and storage capacity is growing exponentially.
Consequently, the associated energy demand from data centers is also showing a

marked upward trend.

According to the International Energy Agency (IEA) in its 2025 special report
examining the impact of AI development on global data center electricity demand,?
projections under the Base Case scenario indicate that the share of data centers in
global final electricity consumption will double by 2030. This share is expected to
rise from 1.5% in 2024 - equivalent to 415 terawatt-hours (TWh), roughly
comparable to the United Kingdom’s total annual electricity consumption - to
nearly 3% by 2030, reaching approximately 945 TWh, close to Japan’s current
national electricity demand. Since 2017, global data center electricity consumption

has grown at an average annual rate of around 12%. In advanced economies, the
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increase in electricity use by data centers is projected to account for more than 20%

of overall electricity demand growth.

In 2024, the United States accounted for the largest share of global data center
electricity consumption, reaching 180 terawatt-hours (TWh) and representing
approximately 45% of the global total. China and Europe followed, accounting for
about 25% and 15% of global data center electricity use, respectively. The U.S.,
China, and Europe are expected to remain the three largest regions in terms of data

center electricity consumption through 2030.

China and U.S. together are projected to contribute nearly 80% of the global
increase in data center electricity demand. By 2030, electricity consumption by U.S.
data centers is expected to increase by approximately 240 TWh compared with 2024
levels (a 130% increase), while China’s data center electricity use is projected to
rise by about 175 TWh (a 170% increase). Europe is expected to see an increase of
more than 45 TWh (around 70%).

Electricity consumption from Al-driven servers is projected to grow at an average
annual rate of about 30%, contributing nearly half of the net increase in data center
electricity demand. In contrast, traditional servers are expected to grow at an
average annual rate of only 9%, accounting for roughly 20% of the increase.
Supporting infrastructure such as cooling systems and other IT equipment are
projected to contribute approximately 20% and 10% of the additional electricity

demand, respectively.

As Al technologies continue to advance, the pace of energy consumption growth
has increased markedly, exceeding the two-year doubling cycle described by
Moore’s Law in the semiconductor industry. According to research from Stanford
University and estimates based on analyses by the International Energy Agency
(IEA), training the GPT-4 model required a computing cluster of up to 25,000 GPUs
operating continuously for approximately 14 weeks. The process consumed more
than 22 MW of power and a total of 42.4 gigawatt-hours (GWh) of electricity -
around 30 to 40 times the energy required to train the GPT-3 model. This

corresponds to an average daily electricity consumption of about 0.43 GWh,
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roughly equivalent to the total daily household electricity use of 28,500 homes in

advanced economies.

Although China’s large language model DeepSeek has improved algorithmic
efficiency, this has not curbed the demand for computing power. On the contrary,
the expansion of users and application scenarios has accelerated the adoption and
deployment of large models. Over the long term, energy consumption from

computing infrastructure is therefore expected to continue rising strongly.

At the same time, many data center facilities rely heavily on water-based cooling
systems for temperature control, making water usage another critical consideration.
Global data centers currently consume approximately 560 billion liters of water
annually, a figure that could increase to 1.2 trillion liters by 2030 - equivalent to six
times the European Union’s total freshwater withdrawals in 2022. If current trends
persist, global data center carbon emissions could rise from 180 million tons in 2024
to 300 million tons by 2035, posing additional challenges to global efforts aimed at

reducing emissions and addressing climate change.
1.2 Policy Guidance and Enablers for Sustainable Data Center Development

With the accelerated adoption of artificial intelligence and the growing demand for
data centers, there is a clear global trend toward larger-scale facilities, alongside an
intensified push for green and low-carbon development. By the end of 2024, the
average Power Usage Effectiveness (PUE) - a metric measuring data center energy
efficiency - of global data centers was 1.56 3, showing a modest improvement
compared to the average PUE of around 1.6 in 2017. Governments worldwide face
a dual challenge: ensuring that electricity and water resources at data center
locations are stable, reliable, and reasonably priced, while promoting data center
construction to meet the economies and society’s increasing digital and intelligent
development needs. At the policy and industry regulation level, particularly
regarding green and low-carbon development, countries have adopted different

approaches.
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The United States has long maintained a dominant position in the global computing
power market, leveraging its leadership in semiconductor technology and algorithm
research. Over the past decade, the federal government promoted data center
consolidation, IT industry energy efficiency improvements, and the development of
high-performance green computing infrastructure through a series of regulations.
However, since 2023, few new policies or updated targets have been introduced.
Meanwhile, companies in the data center sector have remained active in improving
energy efficiency and advancing green and low-carbon initiatives. Major
technology companies such as Amazon, Google, and Microsoft lead the world in
renewable energy procurement agreements, and each have committed to corporate
and data center carbon-neutrality pathways. U.S. academia has also contributed to
server energy-saving technologies and optimal energy utilization. Overall, the green
development of the U.S. data center industry relies more on market mechanisms,
corporate responsibility, and academic research, rather than federal policy

leadership.

In the European Union, data center policies have been evolving from voluntary
guidance to mandatory regulation and from localized optimization to systemic
governance. In 2020, the EU led the way by setting decarbonization targets for
the information and communication technology (ICT) sector, including data
centers, through initiatives such as the Best Practice Guidelines for the EU Code
of Conduct on Data Centre Energy Efficiency and the industry-led Climate
Neutral Data Centre Pact (CNDCC). These documents define energy-saving
standards and implementation measures, establishing mechanisms to promote

green data centers.

The 2023 revised EU Energy Efficiency Directive (EED) marked a transition to
hard constraints, integrating mandatory legislation, technical standards, and
regulatory mechanisms. Together with other directives on renewable energy,
resource circularity, and mandatory disclosures, these policies aim to achieve
climate neutrality for EU ICT infrastructure and computing centers by 2030. In May
2023, the EU’s Carbon Border Adjustment Mechanism (CBAM) extended
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regulatory coverage to include IT equipment imports, cross-border cloud services,
and data processing services for data centers. Under CBAM, non-EU companies
importing computing services are required to pay carbon-related tariffs; in 2024
alone, this prompted 15 global cloud service providers to establish full lifecycle

carbon footprint tracking systems.

In contrast to overseas practices that rely largely on incentives and voluntary
measures, China’s green and low-carbon development of data centers is guided by
top-level national planning. The “East Data, West Computing” initiative, proposed
in 2020 and implemented under China’s Integrated Big Data Center Collaborative
Innovation System, reflects this macro-level strategy. It addresses regional resource
imbalances by strategically allocating and managing computing resources across
the country. Large-scale data center facilities are deployed in western regions with
abundant clean energy to achieve green carbon reduction and centralized
management, providing computing services for the high demand in eastern regions.
The resulting infrastructure, comprising eight major computing network hub nodes
and ten national computing center clusters, promotes policy and resource
centralization, guiding the development of data centers toward intensive, large-

scale, and green low-carbon operations.

In recent years, China has continuously introduced national- and regional-level
policies to promote high-quality development of data centers and computing power.
These policies have progressively raised audit and access standards across multiple
dimensions, including electricity and water use efficiency, renewable energy
utilization, overall rack occupancy, energy efficiency per unit of computing power,

and carbon efficiency.

By the end of 2024, the total number of standard racks in operation across China
exceeded 9 million, with computing capacity growing at an average annual rate of
nearly 30% over the past five years, reaching 280 EFLOPS (exaflops, FP32) 4,
ranking second globally. Notably, intelligent computing accounted for 32% of total
capacity. The national average Power Usage Effectiveness (PUE) of data centers

declined to 1.46 %. China’s national standard, <Green Data Center Evaluation>,
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officially came into effect on June 1, 2025. It aligns with both the characteristics of
Chinese data center construction and advanced international benchmarks, defining
multi-dimensional requirements for resource-efficient utilization, green design, and
green operations. By early 2026, the number of national-level green computing
facilities reached 306, with an average PUE of 1.254 - 14.4% lower than the national

average.

The overall Computational Efficiency (CE) of Chinese data centers reached 21.95
GFLOPS/W (FP32) 3, and overall Storage Efficiency (SE) reached 102.2 GB/W,
representing a 15.68% > increase compared to 88.4 GB/W in 2022. Thanks to the
integrated planning and innovative construction of China’s data centers, the country
can now evaluate energy efficiency across multiple dimensions, including
computing efficiency and storage efficiency, providing a more comprehensive
assessment of the overall performance and sustainability of its data center

infrastructure.
1.3 Exceptional Data Centers: The Intersection of Efficiency and Opportunity

Computing facilities are a critical component of a modern industrial infrastructure
and represent one of the fastest-growing sectors of energy consumption in China.
According to statistics from the Ministry of Industry and Information Technology
(MIIT), electricity consumption by China’s computing facilities reached 166 billion
kWh in 2024, accounting for approximately 1.7% of total national electricity usage.
Since the 14" Five-Year Plan, the annual growth rate of electricity consumption for
national computing infrastructure has exceeded 10%, about 1.5 times the annual

growth rate of total national electricity consumption.

With the rapid development of the digital economy and the evolution of data centers
into comprehensive computing power centers, overall energy demand is expected to
increase at an accelerated pace. Academic research projects that by 2030, China’s
data center computing power load could reach approximately 105 GW, with water
consumption of around 262.9 billion liters and carbon emissions of roughly 310

million tons - surpassing the carbon emissions of data centers in the United States ®.
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Given the growing and inevitable demand for electricity and water by data centers,
it is essential to develop a full-chain low-carbon technology system for computing
equipment and infrastructure, build highly efficient data centers, and fully integrate
them into the energy system to promote green and low-carbon development.
Operational efficiency can be enhanced through optimized cooling technologies,
digital tools, and artificial intelligence (Al) itself, increasing overall transparency

and productivity.

Data centers can also serve as flexible resources within emerging power systems.
Their internal computing, electrical, and thermal flexibility, when managed to
ensure stable and efficient operation, can be integrated into broader energy systems
to enable computing-electricity and computing-heat synergy, turning data centers
into a strategic opportunity. When properly planned, these measures can help phase
out fossil fuels, reduce grid investments, and advance sustained energy savings and

carbon reductions in the data center sector.

Moreover, low-carbon and green computing can be deeply integrated into industries
such as manufacturing, transportation, and services, driving improvements in
energy efficiency across traditional sectors while simultaneously achieving digital
transformation and carbon reduction. This dual benefit enhances overall societal

energy efficiency and carbon reduction effectiveness.

The International Energy Agency (IEA) has also highlighted that Al will become a
cornerstone for building resilient energy systems. By 2035, Al alone could save
approximately 2,200 TWh of energy in the industrial sector - roughly equivalent to
the entire energy demand of the EU’s industrial sector and far exceeding the

projected total electricity consumption of global data centers at that time’.

2. Enhancing Computing Infrastructure Efficiency to Achieve
Sustainable Growth (Reduction)

Power Usage Effectiveness (PUE) is the most widely legislated and recognized

metric for measuring data center energy efficiency. It is defined as the ratio of total
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energy consumption of a data center - including IT equipment, cooling, and power
delivery systems - to the energy consumed by IT computing equipment alone. The

lower the PUE value, the higher the overall energy efficiency of the data center.

For example, in 2024, China’s data centers had an average PUE of 1.46. Of the total
energy consumption, IT equipment - including servers, storage, and networking
devices that form the core computing load - accounted for 69%. Based on
authoritative sources such as IEA, ENERGY STAR, and LBNL, cooling systems
contributed an average of approximately 17% 2, power distribution systems about
10% %, and other auxiliary systems - such as lighting, fire protection, monitoring,

and office facilities - around 4% °.

For newly constructed, highly efficient, ultra-large data centers (PUE < 1.25), the
share of IT equipment energy consumption can exceed 80%, while cooling system
consumption can be reduced to below 10%. Therefore, IT computing equipment
remains the primary driver of data center energy use, and in the future, this will be

increasingly concentrated in AI computing servers.
2.1 Leap in Computing Equipment Energy Efficiency

As previously noted, from 2019 to 2024, China’s total computing capacity grew at
an average annual rate of 30%, reaching 280 EFLOPS, while the electricity
consumption of computing infrastructure increased by only 10% per year. The key
factor behind this decoupling of energy consumption and computing growth is the
substantial improvement in the energy efficiency of computing equipment itself—
that is, the computing output per unit of energy consumed, which lies at the core of

data center energy use.

Al acceleration chips, such as GPUs and NPUs, are the primary drivers of
computing growth. For example, NVIDIA’s A100 GPU, released in 2020,
delivered 1.56 TFLOPS/W of FP16 performance per watt. By 2022, the H100
GPU increased FP16 performance per watt to 2.83 TFLOPS/W !°, achieving an
energy efficiency improvement of over 80%. Similarly, Huawei’s Ascend Al

processors demonstrate significant gains: the Ascend 910, launched in 2019,
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delivered approximately 256 TFLOPS at FP16 with a power consumption of
around 310 W. Subsequent iterations, the 910B and 910C, leveraged architectural
and process optimizations to increase computing performance to roughly 320-640
TFLOPS while reducing power consumption to 250-310 W !!, resulting in a 1.5—
3 times improvement in performance per watt compared with the original

generation.

Thus, during the transition from general-purpose computing to intelligent computing,
innovations in Al chips, storage, networking, and other computing equipment -
including advanced process technologies and architectural optimizations - drive
substantial leaps in computing capacity while simultaneously reducing energy
consumption. This progress depends heavily on continued innovation in the
semiconductor industry and follows its inherent evolutionary trajectory.

2.2 Efficiency Improvements and Carbon Reduction Potential of Computing

Infrastructure

Once the IT computing equipment configuration and architecture of a data center
are established, the energy consumption of this equipment is largely fixed, varying
mainly with rack occupancy and business workload. At this stage, the greatest
potential for improving data center energy efficiency lies in auxiliary systems - such
as cooling and power delivery - that account for 20%—30% of total energy use
(corresponding to PUE values of 1.25-1.46).

By aligning these systems with regional climate conditions and specific data center
workloads, and by deploying advanced energy-saving and carbon-reduction
technologies, operators can optimize key areas including thermal management,
power distribution, system integration, and intelligent operations. This approach
reduces energy and water consumption during operation and lowers carbon
emissions. Key measures include maximizing the use of natural cooling sources,
employing fluorine-pump phase-change cooling to minimize water use, and
implementing high-efficiency thermal management such as liquid cooling for high-

power-density racks.
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Power delivery systems can also be optimized by minimizing conversion stages,
reducing losses in electricity transmission and conversion, and adopting
technologies such as high-voltage direct current (HVDC), modular UPS, and
direct utility supply. In addition, digital solutions - such as real-time field data
monitoring and variable-frequency drives responsive to load changes - combined
with Al-driven operations and maintenance tools, enable precise, efficient thermal
management and energy supply. Preventive maintenance further ensures the safe

and reliable operation of the data center.
2.3 Advanced Cooling Systems to Unlock Computing Potential

As chip performance continues to increase, the heat generated within the same
physical space rises sharply. Power density per rack in data centers is gradually
increasing from the traditional general-purpose center range of 4-6 kW to 20—40
kW in current intelligent computing centers, with some scenarios expected to
exceed 100 kW in the future. This rising heat density increasingly exceeds the

capacity of conventional air-based cooling systems to dissipate heat effectively.

To meet the growing demand for high-density computing, an increasing number of
data centers are adopting Direct-to-Chip (D2C) liquid cooling systems. In this
closed-loop system, coolant is distributed via a secondary-side loop from a cooling
distribution unit to the processor chips. At the server level, cold plates directly
contact the processors, removing the heat generated during operation. The coolant
then returns to the primary-side loop of the distribution unit, which connects to
external cooling sources - such as chillers, cooling towers, or dry coolers - for final

heat exchange.

Compared with traditional air-cooling methods, closed-loop direct-to-chip liquid
cooling provides higher heat dissipation efficiency and significantly reduces water
consumption, typically achieving at least 15% energy savings. In regions with
constrained grid capacity or limited water availability, this energy efficiency
measure becomes increasingly critical, enabling data centers to meet rising demand
while reducing local resource usage and ensuring more reliable operation. Liquid

cooling is increasingly becoming standard for intelligent computing centers,
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evolving from an “optional” to a “mandatory” solution. Additionally, liquid cooling

facilitates the recovery and reuse of waste heat from data centers.

Air cooled chiller /
dry cooler

Racks and servers

Coolant
Distribution
Unit

Heat recovery
module

Figure 1: Structure of Direct-to-Chip (D2C) liquid cooling system

In recent years, global demand for artificial intelligence computing power has
grown rapidly. To support the deployment of higher power-density servers, leading
international cloud and technology companies - such as Amazon, Google, and
Microsoft - have been early adopters and large-scale implementers of advanced data
center cooling technologies, including liquid cooling.

Microsoft, for example, has continued to innovate in data center cooling and power
infrastructure. In 2024, the company accelerated the deployment of chip-level
liquid cooling systems, gradually replacing traditional air-cooling approaches. This
transition not only significantly increases server density and reduces the resources
required for constructing new data centers but also supports the company’s 2030
“water positive” commitment by eliminating reliance on evaporative cooling

systems.

At the same time, Microsoft applies Life Cycle Assessment (LCA) tools to evaluate

the carbon emissions and water consumption associated with different cooling
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solutions. Through open platforms such as the Open Compute Project, the company
publicly shares its research findings and technical practices, helping to promote
collaborative innovation and green transformation across the broader data center

industry.

In China, alongside the rapid development of the digital economy, computing
centers - the core infrastructure underpinning the Al industry chain - are
increasingly establishing benchmarks for green and low-carbon development. One
notable example is the data center campus built by China Mobile, one of the China’s
three major mobile network operators, in Hohhot, Inner Mongolia. The campus has
become a key computing infrastructure node within China’s “East Data, West

Computing” initiative.

The facility provides users with Infrastructure-as-a-Service (IaaS) capabilities,
including heterogeneous computing power, distributed storage, and network
resources. It also supports Al development frameworks through third-party
platforms and offers Al-enabled Platform-as-a-Service (PaaS). In addition, the
campus has established Model-as-a-Service (MaaS) capabilities that support both

general large language models and industry-specific foundation models.

Within the campus is currently the largest single liquid-cooled intelligent
computing center operated by a telecom provider globally. The facility deploys
approximately 20,000 Al accelerator cards, with more than 700 racks and over
2,300 intelligent computing servers, delivering a total intelligent computing

capacity of 6.7 EFLOPS (6.7 x 10" floating-point operations per second).

Through the deployment of multiple energy-saving technologies - including
indirect evaporative cooling, magnetic-levitation phase-change cooling, fluorine-
pump cooling, immersion cooling, and cold-plate liquid cooling - as well as busbar
power distribution technology and an intelligent energy management platform, the
data center has achieved a Power Usage Effectiveness (PUE) of 1.15 2, among the

leading levels in China.
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During the winter season, the campus also utilizes waste heat recovery technologies,
transforming the “waste heat” generated during data center operations into a valuable
energy resource to support local heating demand. This approach reduces the energy

consumption of the cooling water system while improving overall energy efficiency.

Transforming data centers from high-energy-consuming facilities into opportunities
for both environmental and economic value requires recognizing them as an integral
part of the broader energy system. This involves enabling synergies between

computing and heat, as well as between computing and electricity.

With forward-looking planning and sitting in locations that allow effective
integration with both power generation sources and end users, data centers can
become valuable assets for low-emission district heating through waste heat
recovery. At the same time, they can serve as important resources for enhancing the
flexibility of the power system. Such integration not only reduces data centers’ own
energy costs and strengthens the competitiveness of the industry but also

contributes to improving overall energy security.

3. From Energy Consumer to Low-Carbon Heat Provider (Re-use)

It is essential to adopt a new perspective on the role of data centers. By positioning
data centers as integral components of the energy system rather than merely energy

consumers, they can be transformed from a challenge into an opportunity.

Data centers operate continuously throughout the year, and the IT equipment within
them generates significant amounts of heat as a result. To maintain servers within
an appropriate operating temperature range, cooling systems are essential to data
center operations. The heat generated during operation must be transferred through

a cooling medium—either air or liquid—and subsequently discharged.

Under traditional configurations, this heat is typically released directly into the
atmosphere through facilities such as cooling towers. This approach not only wastes
energy that has already been paid for but also prevents these thermal resources from

realizing their full potential. By contrast, the cooling medium carrying waste heat
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from servers can be routed to heat exchangers, where the heat is transferred to a

secondary heating loop connected to end users, enabling its reuse.

During this process, heat pumps are used to upgrade the relatively low-grade waste
heat contained in the data center cooling medium to temperatures suitable for
district heating networks. This approach is particularly effective for data centers
employing liquid cooling technologies, where waste heat recovery can be achieved

more efficiently.

At present, waste heat from data centers can already be reused at various scales. For
example, it can provide heating for nearby facilities such as agricultural greenhouses,
aquaculture farms, and swimming pools. At a larger scale, recovered heat can be
integrated into district heating networks to supply urban heating, enhancing the

resilience and diversification of energy supply while reducing carbon emissions.

Global electricity consumption by data centers is expected to double by 2030,
suggesting substantial potential for waste heat recovery. Currently, most of this heat
is discharged directly into the atmosphere, resulting in significant energy waste. If
effectively harnessed, this otherwise free heat source could create valuable

opportunities for providing cost-effective and low-emission heating.

According to estimates from the International Energy Agency (IEA), data centers
located near district heating networks worldwide could potentially recover between
35 and 85 TWh of heat. By 2030, up to 10% of Europe’s space heating demand
could be met through the recovery of waste heat from nearby data centers connected
to district heating systems, at costs significantly lower than those associated with

natural gas heating 2.
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Figure 2: Enhancing the Diversity and Resilience of District Heating Systems

In the context of low-carbon urban development in Europe, a data center waste heat
recovery project in the Helsinki metropolitan area of Finland has emerged as one of
the most representative global case studies. The project is a collaboration between

Microsoft and the Nordic energy company Fortum.

The system recovers waste heat from the cooling water systems of two large
Microsoft data centers located in the region. The recovered heat is then upgraded
through a large-scale heat pump facility constructed and operated by Fortum and
subsequently delivered into the urban district heating network. This clean heat
supply provides heating for residential buildings, public facilities, and commercial
properties in the surrounding municipalities of Espoo and Kirkkonummi, near
Helsinki.

The overall system integrates large-scale heat pumps, thermal storage infrastructure,
and an electrified energy system, representing a significant practical application of
modern low-carbon district heating. The project is widely regarded as one of the

largest city-scale data center waste heat recovery initiatives in the world.

In terms of scale, once fully operational, the system is expected to meet
approximately 40% of local district heating demand and reduce carbon dioxide

emissions by around 400,000 tons annually 3. This demonstrates that data centers
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are not only critical infrastructure for the digital economy but can also become an

integral component of urban energy systems.

Compared with traditional heating methods that rely on natural gas or other fossil
fuels, this model significantly improves energy utilization efficiency while lowering
both urban carbon emissions and energy costs. As such, it offers a new development
pathway for cities worldwide - one in which data centers and urban energy systems
are planned in coordination, enabling computing infrastructure to be transformed

into a stable source of low-carbon heat.

Figure 3: Heat pump station at Kirkkonummi data center (October 2024)

In China, the Qingshu Technology Park in Wuqing District, Tianjin (with a total
built-up area of 103,000 m? as a mixed-use complex) is located adjacent to the
Gaocun Technology Innovation Park data center cluster, at a straight-line distance
of 400 meters. The data center cluster is planned to include nine data centers, with

an expected operational scale of over 100,000 server racks. Danfoss, as a company
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with extensive experience in data center cooling and district heating, is actively
participating in the pilot demonstration of collaborative green digital infrastructure

in this area.

The park employs a dual-mode magnetic-levitation heat pump system to enable
large-scale recovery and integrated utilization of waste heat from the data centers.
The system switches operating modes seasonally: during winter, it extracts waste
heat from the data centers’ circulating cooling water to provide heating and
domestic hot water for the technology park buildings; in summer, the system is

converted to provide cooling for the park using rooftop cooling towers.

Even during the first heating season of the park’s operation, when occupancy had
not yet reached full capacity, the average heating cost using data center waste heat
was already approximately 60% lower than local commercial heating costs, and
30%—-40% lower compared with conventional standalone air-source heat pump

systems.

Once the park reaches full design occupancy, the project is expected to save around
1.1 million kWh of electricity annually for the adjacent data centers, while also
reducing water consumption associated with traditional cooling tower operations.
Over the course of a year, the system is projected to reduce carbon dioxide
emissions by approximately 1,659 tons 4. Despite the additional upfront investment
required for waste heat recovery infrastructure, the expected payback period is less
than three years.

Based on calculations, once the Gaocun Technology Innovation Park data center
cluster is fully completed according to plan, the recoverable waste heat from the
data centers is expected to exceed 230 MW, theoretically sufficient to meet the

heating demand of 4—5 million square meters of buildings.

This low-carbon heat source from data centers, once upgraded via heat pumps, can
fully serve as a substitute heating resource for existing regional heating stations,
reducing their reliance on natural gas for heating, lowering associated carbon

emissions, and cutting operational costs.
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The nearest district, Shouchuang International Peninsula, comprises over 3 million
square meters of residential, educational, and commercial facilities. Local
authorities, in coordination with the development zone housing the data center
cluster and regional building planning and design consultants, are actively assessing
opportunities to reuse data center waste heat, aiming to replicate the successful

implementation demonstrated at the Qingshu Technology Park.

4. Flexible Computing—Energy Coordination to Enhance Grid
Resilience (Resource)

The accelerated deployment of data centers poses challenges to electricity supply
and grid stability. Current policies and planning frameworks tend to treat data
centers as isolated electricity consumers rather than active participants within the

broader energy system.

While the technical potential for data centers to engage in demand response
programs or participate in flexibility markets is increasingly being demonstrated, it
has yet to be systematically developed. This disconnect limits the contribution that
data centers could make toward renewable energy integration, decarbonization, and
grid stability. Integrating data centers into comprehensive energy system planning
could have profound implications for the power grid, the environment, and the

economy.
4.1 New challenges in regional power planning and energy supply

As noted earlier, according to the latest research by the International Energy Agency
(IEA), the rapid global expansion of computing infrastructure is expected to double
the share of electricity consumption by data centers, reaching 3% of total global
electricity demand by 2030.

At the regional level, the cumulative load of data centers has already had a
significant impact on local power grids. For example, in Shanghai, China, more
than 160 internet data centers are currently in operation. By 2025, their electricity

consumption is projected to exceed 3% of the city’s total electricity demand,
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significantly higher than the national average of 1.7% !'°. In some “East Data, West
Computing” node cities and regions, the share of electricity consumed by data

centers exceeds 20%.

In Northern Virginia, USA, a region known as the “Data Center Corridor,” over 200
data centers form one of the densest and largest commercial data center clusters in
the world. The electricity consumption of this cluster is roughly comparable to the
peak demand of a city the size of Boston. Industry and research reports indicate that
data centers account for approximately 20% of the regional electricity demand in

this area.

This cluster has previously experienced an incident in which around 60 data
centers simultaneously switched to backup power due to a widely adopted
standard safety mechanism, resulting in an instantaneous 1,500 MW load drop
from the main grid . The event posed a risk to grid stability and forced operators
to rapidly adjust generation output to maintain supply-demand balance. This
incident underscores that, in regions with high-density data center clusters, grid

operational flexibility and emergency dispatch face new and heightened challenges.
4.2 Efficient Coordination of Computing Power and Renewable Energy

As the global wave of artificial intelligence continues to accelerate, the growth of
data centers and the Al industry ultimately translate into energy costs. The reality
that computing power is fundamentally dependent on electricity is increasingly

recognized across industry.

At the level of physical electricity supply, the two primary regions for global data
center development - China and the United States - exhibit markedly different
power market dynamics. In the United States, the explosive growth of Al and data
centers is pushing the grid to its limits. Due to insufficient grid capacity, new data
centers face long queues for grid connection, which can delay their deployment and
construction. Currently, the average grid connection waiting time for newly built
data centers ranges from 1 to 3 years, with some states experiencing delays of up to

7 years 2.
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Grid capacity has become severely constrained, and the supply-demand imbalance
in the electricity market has reached a critical point. “Power shortages” are
increasingly common, and electricity prices in regions with concentrated data
centers frequently reach record highs, sometimes even hitting regulatory price caps.
In response, the U.S. government has stated that large technology companies
building these high-energy data center infrastructures are responsible for securing
their own electricity supply and bearing the resulting cost increases, rather than

passing these costs onto ordinary consumers.

In China, total electricity consumption exceeded 10,000 TWh for the first time in
2025, a figure more than double the annual electricity consumption of the United
States and surpassing the combined annual electricity use of the European Union,

Russia, India, and Japan.

By the end of 2025, China’s total installed power generation capacity reached
approximately 3,890 GW, representing an annual increase of about 16%. Of this
growth, over 80% comes from newly installed wind and solar capacity, totaling a
record 430 GW. Combined, wind and solar capacity will account for 47% of the

nation’s cumulative installed generation capacity !7.

China’s rapidly expanding electricity supply, particularly the accelerated
deployment and generation from renewable energy, allows electricity prices to
remain relatively low. Against this backdrop of significant wind and solar capacity
growth, data centers should treat computing power as a flexible resource, closely
coupled with renewable output to enhance renewable energy utilization and reduce

carbon emissions.

China’s “West Data, East Computing” strategic initiative leverages the differences
in renewable energy endowments between the eastern and western regions,
directing computing capacity toward renewable-energy-rich areas in the west to

achieve a balance between computing expansion and low-carbon development.

In Qinghai, China, a demonstration project integrating green power and computing

is currently under construction - the Qaidam Green Microgrid Computing Center.
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This project is designed for decertified land with abundant photovoltaic resources,
simultaneously developing the Qinghai Mobile computing center and a supporting
clean energy supply system, including photovoltaic generation, an intelligent

microgrid, and energy storage systems.

The computing center is planned to deploy approximately 1,000 high-power server
racks, employing cold-plate liquid cooling, intelligent busbars, and indirect
evaporative cooling to optimize energy efficiency. The supporting renewable
infrastructure includes 122 MW of installed photovoltaic capacity and 75 MW /300
MWh of energy storage, integrated with a microgrid and energy management
system. During the day, the microgrid supplies power from PV generation and
charges the energy storage, at night, stored energy powers the computing center.
Once completed, the project is expected to supply approximately 126 million kWh
of clean electricity annually to the computing center, saving around 42,100 tons of

standard coal and reducing CO: emissions by roughly 115,500 tons per year '8,

As China’s first large-scale clean-energy microgrid computing center, this project
simultaneously explores the economic viability and operational mechanisms of off-
grid and microgrid systems at remote computing nodes, providing a practical model
for local renewable energy utilization and computing capacity deployment in

western renewable-energy-rich regions.
4.3 Flexible Demand-Side Potential of Data Centers

As demonstrated by the Qaidam Green Microgrid Computing Center, the
northwestern region of China is rich in wind and solar resources but faces
constraints in power transmission and local curtailment of wind and solar
generation. As a high-load, scalable new electricity user, the computing center
leverages a microgrid to enable local consumption of renewable power, effectively
converting variable electricity into tradeable computing capacity, improving

renewable energy utilization and reducing curtailment.

Unlike traditional industrial loads, data center demand exhibits temporal and spatial

flexibility. It represents a type of new flexible load capable of instantaneous load
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shifting independent of the main grid, making it a viable participant in demand
response (DR) programs. Demand response mechanisms in power systems
encourage users, through price signals or contractual incentives, to adjust electricity
consumption during periods of grid stress or peak renewable output - such as peak
shaving, valley filling, short-term load reduction, or deferred flexible loads -
thereby reducing reliance on expensive or high-carbon peaking units, enhancing

renewable integration, and lowering system operating costs.

Beyond the adjustable computing workload, data centers also house internal
flexibility resources that can contribute to the operational flexibility of modern
power systems. These include uninterruptible power supplies (UPS), standby diesel
generators, battery energy storage, and thermal flexibility assets such as air

conditioning, cooling, and thermal storage systems.
Ways in Which Data Centers Provide Grid Flexibility Coordination Include:

* Cross-regional workload scheduling: Computational workloads handled by
data centers in regions experiencing grid constraints can be shifted to data

centers located in areas with abundant renewable electricity.

* Time-based workload scheduling: Certain data center workloads - such as Al
training, batch processing, and other non-real-time computing tasks - possess
temporal flexibility. Through coordinated load management and energy storage,
computing loads can be increased during periods of high renewable energy
generation and reduced during peak grid demand, allowing data centers to

function as a “power system stabilizer” that enhances grid reliability.

* On-site power generation facilities: Local generation assets can serve either as
backup power sources or as baseload supply for data centers. Their output can
be flexibly adjusted in response to grid conditions, reducing the sensitivity of
data center operations to fluctuations in electricity supply. When powered by
hydrogen fuel cells, green hydrogen can provide zero-noise, high-availability

backup electricity. Similarly, high-efficiency off-grid gas generators can serve
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as a viable transitional solution for phasing out oil- and coal-fired power

generation.

* Battery Energy Storage Systems (BESS): Energy storage systems are essential
for managing fluctuations in electricity demand from large-scale data centers
while preventing grid instability. During periods of surplus renewable
generation, batteries can store green electricity from on-site generation or the
grid. This stored energy can then be used during times of supply constraints or
high electricity prices, enabling data centers to maintain operations while

supporting grid balancing.

* Flexibility of liquid cooling systems: Liquid cooling technologies use water-
based cooling to dissipate heat from IT equipment. As the cooling water
absorbs heat, it must be re-cooled before recycling. Cooling energy can be
stored during periods of low electricity prices through thermal energy storage,
allowing data center cooling systems to respond flexibly to changes in power
supply. In some cases, cooling energy can even be stored across seasons,

providing additional operational flexibility.

A study simulating different levels of data center flexibility across three U.S. power
markets - the Mid-Atlantic, Texas, and the Western Interconnection (WECC) -
shows that such measures could reduce power-sector emissions by up to 40%,
accelerate the phase-out of fossil fuels, and lower total system costs by around 5%.
Even in scenarios where flexibility measures do not directly lead to additional
decarbonization, they can still reduce overall system costs. This is because
enhanced flexibility allows grid operators to prioritize the lowest-cost electricity
resources while reducing the need for new transmission and distribution
infrastructure, ultimately lowering energy expenditures for all electricity

consumers.'®

In practice, Google has already implemented a carbon-aware scheduling system
across its data centers. This mechanism dynamically optimizes the timing and
geographic location of computing workloads based on the real-time carbon

intensity of electricity. By continuously identifying grid carbon intensity and
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applying Al-driven analytics, the system shifts delay-tolerant computing tasks
across both time and location, aligning data center operations with periods and
regions of lower-carbon electricity supply. This approach represents a key
technological pathway toward Google’s 24/7 carbon-free energy goal by 2030 and
provides a practical demonstration of the significant emissions-reduction potential
enabled by flexible data center loads in power systems with high shares of

renewable energy.?°

Against the backdrop of rapidly growing computing demand in mega-cities,
Shanghai, China is also exploring ways to transform data centers from high-energy
consumers into flexible grid resources. By 2025, electricity consumption by data
centers in Shanghai accounted for around 3% of the city’s total power demand,

significantly higher than the national average of 1.7%.

To explore the potential of computing—power coordination, the State Grid
Corporation of China and China Telecom jointly conducted real-world
demonstrations of cross-provincial computing workload migration. Tests were
carried out along routes such as “Shanghai—Shiyan” and “Shanghai—Fujian,”
enabling the coordinated dispatch of hundreds of GPU cards across clusters, with
multi-task scheduling at the minute scale. In the Shanghai—Fujian experiment, the
demand response capacity was expanded to 50 kW, marking an important step from
technical validation toward commercial application. Shanghai has also established
a virtual power plant (VPP) platform with an aggregated capacity of 2,568 MW, of
which data centers contribute 182 MW, representing 7.1% of the total. During peak
summer electricity demand, data centers have demonstrated a maximum response
capability of 77 MW, representing more than a fivefold increase compared with
20242

Academic research further suggests that by 2030, the flexible capacity of China’s data
centers could reach approximately 23-40 GW. In this context, computing—power
coordination between data centers and electricity systems is expected to become a key
scenario for the integrated development of digital infrastructure and energy systems,

strengthening both grid flexibility and low-carbon energy integration.®
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5. Policy Recommendations

Data centers are rapidly becoming core infrastructure underpinning the digital
economy and the development of artificial intelligence. Their growing consumption
of energy and water resources has therefore attracted increasing global attention. It
is imperative to reconsider how data centers can evolve from high-energy-
consuming facilities into key infrastructure that both constrains and empowers the
energy system, thereby alleviating regional pressures on energy and water resources
while transforming the expansion of computing power into a low-carbon

opportunity.

Through more comprehensive top-level policy design, it is essential to promote
flexible coordination among computing, electricity, and heat systems. Such an
approach can not only provide certainty for industrial growth but also incentivize
data centers - through regulatory frameworks and market mechanisms - to actively
participate in the transition toward a low-carbon and resilient energy system,
shaping a sustainable development pathway for the sector.

5.1 Deepen Energy-Efficiency Technology Innovation and Improve System

Energy Utilization Efficiency

Efforts should focus on upgrading energy efficiency across the entire lifecycle of
data center infrastructure. Targeting the two major energy-consuming subsystems -
cooling and power supply - technological innovation and large-scale deployment
should be promoted in accordance with regional conditions. By optimizing overall
system architecture and continuously reducing key efficiency indicators such as
Power Usage Effectiveness (PUE) and Water Usage Effectiveness (WUE), a highly

efficient and energy-saving green computing infrastructure can be established.

Advanced energy-efficient cooling technologies should be promoted nationwide.
Considering differences in regional climate conditions, data center power density,
and business scenarios, a scenario-based and differentiated deployment framework
for advanced cooling technologies should be established. At the same time,
intelligent linkage between cooling systems and IT workloads should be

strengthened. By dynamically adjusting cooling strategies according to computing
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load variations, data centers can achieve “cooling on demand” and precise system
matching, thereby continuously reducing the proportion of energy consumed by

cooling systems.

In parallel, the iterative upgrading of high-efficiency power supply systems should
be accelerated. Data center power architecture should be optimized by simplifying
power conversion stages and reducing electricity losses during transmission and
conversion. Enhancing conversion efficiency and dynamic response capabilities
will allow for a reduction in unnecessary equipment redundancy while maintaining

power reliability, thereby lowering construction and operational costs.

Furthermore, comprehensive regulatory oversight of data center energy efficiency
should be strengthened across both entry and operational stages. Establishing unified
energy measurement standards and information disclosure mechanisms will help
create an industry-wide benchmarking and supervision system. Through coordinated
policy guidance and market mechanisms, the sector’s overall energy utilization
efficiency can be improved, preventing extensive development from placing
structural pressure on regional electricity and water systems, and laying a solid
efficiency foundation for the low-carbon development of computing infrastructure.

5.2 Integrate Waste Heat into Urban Energy Planning to Promote Multi-

Stakeholder Reuse Models

Data centers not only provide computing capacity but also generate large quantities
of low-grade waste heat during operation. When integrated with district heating
systems, this heat can support a “computing + thermal energy” integrated
infrastructure model, which improves urban energy efficiency while reducing

carbon emissions.

Although the technical solutions for utilizing data center waste heat are already
mature, large-scale deployment remains limited, with most projects still confined
to individual pilot initiatives. Achieving widespread adoption will require
systematic planning, coordinated policy support, and effective collaboration among
stakeholders.
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Cities seeking to incorporate data center waste heat into district heating systems
may draw lessons from Europe’s Fourth-Generation District Heating (4GDH)
concept. This approach emphasizes low-temperature heating networks, distributed
heat sources, and high levels of renewable energy integration, with the core
principle being to enable efficient integration of diverse heat sources by lowering

supply temperatures and increasing system flexibility.

At the policy level, urban energy planning and industrial park development should
strengthen the integrated layout of data centers with district heating and industrial
heat systems, incorporating waste heat recovery into overall urban infrastructure
planning. For projects with suitable conditions, feasibility studies for waste heat
recovery should be conducted at the planning stage, and standardized technical
interfaces and specifications should be developed to reduce integration costs and

collaboration barriers.

Market-based mechanisms and appropriate policy incentives can further encourage
long-term partnerships between district heating operators and data center operators,
supporting demonstration projects that validate low-temperature networks, heat-
pump upgrading technologies, and multi-source heat dispatching systems. Diverse

heat utilization models can thus be explored to reduce primary energy consumption.

Practical examples - such as the waste heat recovery project at the Qingshu
Technology Park in Wuqing District, Tianjin - demonstrate the feasibility of this
model and provide a replicable pathway. With prudent expansion, data centers can
gradually evolve from single energy consumers into important contributors to urban
energy recycling systems, strengthening their role in low-carbon urban heating
networks.

5.3 Promote System Coupling and Flexibility Coordination Between

Computing and Power Systems

As China’s renewable energy capacity continues to expand and a new type of power
system takes shape, data centers - despite their high electricity consumption - also
possess significant load flexibility that can help enhance grid resilience and

facilitate renewable energy integration. They therefore represent a crucial link in
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enabling the dual transition toward low-carbon computing and high-efficiency
power systems. China is currently constructing an integrated national computing
network, establishing a multi-layer, cross-regional scheduling framework for
computing resources. This development provides an important foundation for
enabling spatiotemporal coordination between computing workloads and electricity
systems. In regions rich in renewable resources, data centers should be encouraged
to co-locate with renewable energy generation, forming large-scale green data
center clusters. Market-based mechanisms should be used to increase renewable
energy consumption. The “generation-grid-storage-load” integrated model should
be promoted, supporting the deployment of new energy storage facilities alongside
data centers to create a closed-loop system covering renewable generation, storage,

and consumption.

At the same time, improvements should be made to green electricity trading
mechanisms, simplifying transaction procedures, reducing costs, and increasing the
share of renewable electricity used by data centers. These measures can help
implement China’s “East Data, West Computing” strategy, which requires that over
80% of electricity used by new data centers in national hub nodes come from

renewable sources.

Data centers should also be guided to participate in demand response programs,
enabling those with load-adjustment capabilities to contribute to peak shaving,
valley filling, and emergency reserve services. Aggregating loads across multiple

data centers can enhance the scale and effectiveness of demand response.

While ensuring the stability of core computing services, new load optimization
models aligned with the operational rhythm of power systems should be explored
to enhance grid flexibility. Price signals can also be used to encourage data centers
to actively adjust electricity consumption patterns. Greater transparency in real-
time electricity prices and carbon intensity information would enable closer
integration with computing workload scheduling systems, improving demand
response participation and flexibility market rules while supporting more refined

energy and carbon management.
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5.4 Conclusion

Overall, as a form of new infrastructure, data centers simultaneously support the
growth of the digital economy while being closely linked to the transformation of

energy systems and the sustainability of urban development.

Future policy frameworks should therefore take energy efficiency improvement as
the baseline, waste heat reuse as an extension, and grid flexibility coordination as
the strategic direction. By doing so, the green and low-carbon development of the
data center industry can be ensured while enhancing the overall resilience and

decarbonization of the energy system.
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