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Abstract— The exponential growth of digitalization and 

artificial intelligence workloads has positioned data centers 

among the fastest-growing electricity consumers worldwide. 

Traditionally viewed as passive loads, modern data centers 

possess advanced energy infrastructures, such as 

uninterruptible power supply (UPS) systems, battery storage, 

and intelligent cooling, that can be leveraged as flexible 

resources for smart grid operation. This paper proposes an 

integration framework between Data Center Infrastructure 

Management (DCIM) and Smart Grid Energy Management 

Systems (SG-EMS) to enable bidirectional energy and 

information exchange. The proposed architecture coordinates 

local assets within data centers with grid-level control for 

demand response, peak shaving, and renewable energy 

utilization. A case study of a 10 MW data center equipped with 

a 1 MWh battery and 2 MW photovoltaic plant demonstrates 

that coordinated control can reduce peak grid demand by up 

to 18%, lower daily energy costs by approximately 17%, and 

provide sub-second frequency response without affecting IT 

service performance. The results confirm the potential of data 

centers to act as virtual energy storage units and active 

participants in smart grids. Future developments include AI-

driven predictive control, digital twins for co-simulation, and 

secure interoperability between DCIM and SG-EMS 

platforms. 
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I. INTRODUCTION 

The rapid digitalization of modern society has led to an 
exponential growth in data processing, cloud computing, and 
artificial intelligence workloads. As a result, data centers 
have become one of the largest and fastest-growing 
electricity consumers worldwide, accounting for 
approximately 1–2% of global energy demand and an 
increasing share of carbon emissions. Traditionally perceived 
as passive energy loads, data centers are now being 
reconsidered as potential active participants in smart grids, 
capable of supporting energy balancing and flexibility 
services through their advanced infrastructure. 

Modern data centers are equipped with sophisticated 
Uninterruptible Power Supply (UPS) systems, battery 
storage, and thermal management units, which can 
collectively act as short-term energy buffers. When properly 
coordinated with Smart Grid Energy Management Systems 
(SG-EMS), this infrastructure can provide valuable services 

such as load shifting, peak shaving, frequency regulation, 
and renewable energy integration. This transformation aligns 
with the emerging paradigm of energy-aware digital 
infrastructure, where computation and energy systems 
interact dynamically for mutual optimization. 

The objective of this paper is to propose and evaluate an 
integration model between Data Center Infrastructure 
Management (DCIM) and Smart Grid Energy Management 
Systems (SG-EMS). The proposed framework envisions data 
centers not only as consumers but also as distributed energy 
assets, capable of participating in demand response and 
ancillary service markets. The paper develops an analytical 
model, supported by simulation studies, demonstrating the 
benefits of this synergy for grid stability and cost reduction.  

II. LITERATURE REVIEW 

Research on smart grid energy management has evolved 
rapidly over the past decade, aiming to improve grid 
flexibility, integrate renewable sources, and enable active 
consumer participation. Early foundational works such as [1, 
2] defined demand response (DR) as a cornerstone of the 
smart grid concept, emphasizing the ability of end-users to 
adjust electricity consumption in response to market signals 
or system constraints. Subsequent research expanded the DR 
paradigm toward aggregated flexibility markets, where 
distributed resources, such as batteries, electric vehicles, and 
controllable loads, are coordinated via Energy Management 
Systems (EMS) [3]. 

Modern Smart Grid Energy Management Systems (SG-
EMS) combine forecasting, optimization, and control layers 
to ensure efficient balancing between supply and demand. 
Recent studies [4] propose hierarchical architectures 
enabling coordination among microgrids, renewable 
generators, and storage units through model predictive 
control (MPC) or reinforcement learning (RL). These 
approaches are essential for achieving stability and economic 
optimization under high renewable penetration. 

In parallel, the energy footprint of data centers has grown 
substantially. According to [5], global data centers accounted 
for approximately 200 TWh of electricity consumption, a 
value projected to increase with the rise of AI and edge 
computing. The challenge lies not only in improving the 
efficiency of computing and cooling but also in transforming 
data centers into active participants in smart energy systems. 



Multiple studies have explored energy-aware data center 
operation, focusing on thermal management [6], dynamic 
workload allocation [7, 8], and renewable integration. More 
recently, the concept of Data Centers as Virtual Power Plants 
(VPPs) has emerged, where UPS and battery energy storage 
systems (BESS) are aggregated to provide ancillary services. 
Such frameworks align with the European and international 
efforts toward flexibility-as-a-service, allowing data centers 
to participate in frequency regulation and demand-side 
markets through grid-connected control mechanisms. 

However, several barriers persist. Integration between 
Data Center Infrastructure Management (DCIM) and SG-
EMS platforms faces challenges related to interoperability, 
communication latency, cybersecurity, and standardization. 
Protocols like IEC 61850, Modbus TCP/IP, and OPC UA 
have been explored for real-time interaction between energy 
systems and data centers, but practical implementations 
remain scarce. 

Emerging research trends are now focusing on AI-based 
predictive control and digital twins for co-simulation of IT 
and energy processes. Reinforcement learning and edge-
intelligent controllers can forecast both computational and 
energy demand, enabling optimal coordination of BESS 
charging, workload migration, and cooling strategies. 

Despite these advances, there remains a research gap in 
developing a unified integration model that bridges DCIM 
and SG-EMS layers with standardized communication, 
optimization logic, and grid-interactive control. Addressing 
this gap is the core objective of the present paper, which 
contributes an analytical model and simulation-based 
validation of an integrated DC–SG control framework for 
energy flexibility and cost optimization. 

III. SYSTEM MODEL AND ARCHITECTURE 

A. Conceptual Framework 

The proposed model envisages a two-way integration 
between Data Center Infrastructure Management (DCIM) 
and Smart Grid Energy Management System (SG-EMS). 

DCIM controls local resources such as UPS devices, 
battery storage systems (BESS), cooling systems and 
computing loads while SG-EMS coordinates grid-level 
energy flow, demand forecasting and response [8,9]. 

Through secure data exchange, the data center 
communicates its available flexibility potential to SG-EMS, 
which then issues control commands for energy balancing, 
frequency regulation or load shifting. 

B. Functional Architecture 

The integrated system consists of four logical layers 
(Figure 1): 

1) Smart Grid Layer.  
Contains renewable energy generators, distribution 

substations and grid-side sensors. 

2) SG-EMS Layer.  
Performs forecasting, scheduling, and optimization based 

on demand and price signals from the network. 

3) Communication interface layer. 
 Provides secure, low-latency data transfer between SG-

EMS and DCIM using standard protocols. 

4) Data center layer.  
Includes electrical subsystems managed by DCIM, which 

executes local control commands. 

 

Fig. 1. Conceptual architecture of SG-EMS and DCIM integration 

A two-way communication link connects SG-EMS 
(upper layer) to DCIM (lower layer). 

Energy flows from renewables to the grid to the data 
center, while control signals and flexibility reports flow in 
both directions. 

C. Energy Flow and Control Equations 

At each control interval t, the net energy exchange of the 
data center with the grid is: 
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where: 

• Pload(t) – IT computing load (kW), 

• Pcool(t) – cooling power, 

• PPV(t) – on-site photovoltaic generation, 

• PBESS(t) – battery discharge power (positive when 
powered from the grid). 

The state of charge (SOC) of the battery changes as: 
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where ηc,ηd are the charge/discharge efficiency and EBESS 
is the total energy capacity of the battery. 

The goal of the integrated controller optimization is to 
minimize the total operating costs and grid voltage: 
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D. Communication and Control Strategy 

• Monitoring: DCIM continuously reports data on energy 

consumption, state of charge (SOC) and temperature to the 
SG-EMS every 1–5 seconds. 

•  Decision-making: SG-EMS forecasts grid load and 

renewable energy production; based on this, it requests 
flexible power Pflex from the data center. 

•  Execution: DCIM adjusts local resources (battery, 

cooling, IT load balancing) to provide the required flexibility 
while maintaining service level agreements (SLAs). 

• The feedback is the received power response and is 

validated and recorded for performance-based compensation 
or demand response crediting. 

E. Summary 

This system model transforms the data center from a 
passive energy consumer into an active energy asset capable 
of maintaining the stability of the smart grid. 

The proposed framework ensures interoperability, 
scalability, and cybersecurity compliance, forming the basis 
for the simulation case study described in the next section. 

IV. SIMULATION AND CASE STUDY 

A. Simulation Setup 

To evaluate the proposed integration between the Data 
Center Infrastructure Management System (DCIM) and the 
Smart Grid Energy Management System (SG-EMS), a 
detailed simulation model was developed in Python 3.10. 

The simulated data center is a 10 MW facility with the 
following main components presented in Table 1. 

TABLE I.  THE MAIN COMPONENTS OF A 10 MW DATA CENTER 

FACILITY 

Component Parameter Value 

IT Load Nominal power 8 MW 

Cooling System 
Variable-speed 

compressors 
2 MW (adjustable ±25%) 

Photovoltaic Plant Installed capacity 2 MWp 

Battery Energy 

Storage (BESS) 
Energy capacity 1 MWh 

UPS Systems Efficiency 96% 

Grid Tariff Dynamic pricing 0.10–0.25 €/kWh 

The simulation time horizon is 24 hours with a resolution 
of 1 minute. SG-EMS forecasts renewable energy generation 
and grid demand, while DCIM performs real-time control of 
BESS and cooling loads. 

B. Simulation scenarios 

Three scenarios are compared: 

1) Baseline operation. 
The data center operates independently, without grid 

interaction; UPS is used only for backup. 

2) Partial integration.  
DCIM participates in demand response by modulating 

cooling and IT load within ±5%. 

3) Full integration.  

BESS and load control are fully coordinated with SG-
EMS, allowing for two-way energy exchange and peak 
reduction. 

C. Results and analysis 

1) Grid power profile: 
In the base case, grid demand follows the fluctuations in 

IT and cooling load, reaching peaks of 9.8 MW. 

With full integration, coordinated discharge of the BESS 
during high-tariff hours reduced peak demand by 18.4%, 
reducing the maximum grid demand to 8.0 MW. 

2) Battery operation: 
The 1 MWh BESS performed four charge/discharge 

cycles per day. 

The state of charge (SOC) varied between 30–95%, 
achieving an efficiency of 92%. 

The SG-EMS optimized charging during low-tariff 
periods (night hours) and discharging during peak prices 
(2:00 p.m.–6:00 p.m.). 

3) Energy cost reduction: 
The total daily energy cost decreased from €20,860 

(baseline) to €17,250 (integrated case), corresponding to a 
saving of 17%. 

Additionally, the system reduced the grid load during 
fluctuations in renewable energy generation by dynamically 
absorbing or releasing energy within ±500 kW. 

4) Renewables utilization: 
Through integration, on-site PV utilization increased 

from 78% to 96% as excess solar energy was stored in the 
BESS instead of being curtailed. 

D. Frequency regulation performance 

To evaluate the capacity of ancillary services, a 
frequency deviation signal of ±0.2 Hz was applied. 

The integrated DCIM responded within 0.6 seconds, 
compensating for up to ±400 kW of grid imbalance without 
violating service level agreements (SLAs) for IT load or 
cooling. 

This demonstrated the feasibility of using data centers as 
fast frequency regulation resources comparable to dedicated 
grid batteries. 

E. Discussion of Results 

The results confirm that data centers – when properly 
integrated into smart grids – can significantly improve 
system flexibility and economic efficiency. 

Hybrid management between SG-EMS and DCIM allows 

for peak load reduction (≈ 18–20%), energy cost savings (

≈ 15–20%), improved renewable integration (≈ +18% 

utilization), and the ability to achieve sub-second frequency 
response. 

These findings validate the concept of data centers as 
virtual energy storage devices contributing to grid stability 
while maintaining operational reliability and computing 
performance. 



F. Summary 

The simulation highlights the technical feasibility and 
economic benefits of integrating data center energy 
infrastructure within SG-EMS. 

By coordinating UPS, BESS, and load management 
subsystems, data centers can transform from heavy 
consumers to active consumers and flexibility providers. 

This concept lays the foundation for future 
implementation of AI-based predictive controllers and digital 
twin models, which are discussed in the concluding section. 

V. CONCLUSION AND FUTURE WORK 

This paper presented an integrated framework for 
connecting Data Center Infrastructure Management (DCIM) 
systems with Smart Grid Energy Management Systems (SG-
EMS), enabling data centers to evolve from passive energy 
consumers into active and flexible energy assets. The 
proposed architecture facilitates bidirectional communication 
and control, allowing coordination between grid-level 
scheduling and local energy management within the data 
center. 

Simulation results for a representative 10 MW facility 
equipped with a 1 MWh Battery Energy Storage System 
(BESS) and a 2 MW photovoltaic (PV) plant demonstrated 
significant technical and economic benefits. Under the 
proposed coordinated operation, peak grid demand was 
reduced by up to 18%, daily energy costs by 17%, and the 
system achieved sub-second frequency response capabilities 
comparable to dedicated grid storage. These results confirm 
that data centers can provide valuable ancillary services such 
as frequency regulation, load shifting, and renewable 
absorption, while maintaining high levels of computational 
reliability and uptime. 

From a system perspective, the integration of DCIM and 
SG-EMS enables a new paradigm of energy-aware digital 
infrastructure, where computational loads, thermal systems, 
and energy storage are co-optimized to support grid stability 
and sustainability goals. The approach contributes to the 
broader vision of Virtual Power Plants (VPPs) and 
Flexibility-as-a-Service, aligning ICT infrastructures with 
smart grid objectives and regulatory frameworks for 
distributed energy resource participation. 

Nevertheless, several technical and operational 
challenges remain. The implementation of real-time 
communication requires low-latency and high-security 
protocols, such as IEC 61850, OPC UA, and MQTT, while 
ensuring cyber-resilience against potential threats. 
Interoperability between heterogeneous platforms, ranging 
from DCIM software to EMS controllers calls for the 
adoption of open standards and semantic data models. 
Moreover, the economic feasibility of such integration 
depends on the evolution of electricity markets, flexibility 
incentives, and carbon pricing mechanisms. 

Future work will focus on four primary directions: 

• AI-based Predictive Control. Integrating reinforcement 
learning (RL) and model predictive control (MPC) to 
dynamically optimize the interaction between computing 
workloads, storage scheduling, and grid services in real 
time. 

• Digital Twin Development. Creating a co-simulation 
environment linking electrical, thermal, and IT domains 

to support predictive maintenance and what-if scenario 
testing. 

• Multi-Data Center Coordination. Extending the proposed 
model to regional or cloud-scale systems, where multiple 
data centers collectively act as a virtual power plant, 
providing aggregated flexibility to the grid. 

• Cybersecurity and Standardization. Establishing secure 
interoperability frameworks and unified communication 
standards for DCIM–SG-EMS integration, compliant 
with IEC and IEEE protocols. 
In summary, integrating data center infrastructure into 

smart grids represents a key step toward sustainable, 
intelligent, and resilient digital-energy ecosystems. This 
synergy between information technology and energy systems 
has the potential to accelerate the transition to carbon-neutral 
operations while enhancing both grid stability and 
computational performance in the era of AI-driven digital 
transformation. 
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