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ABSTRACT: This paper discusses a hybrid energy architectural model of integrating renewable energy into building sustainable medium- to 

large-scale data centers. The proposed system consists of a variety of supply sources including solar photovoltaic (PV), battery energy storage 

systems (BESS), uninterruptible power supply (UPS), utility grid connection, and diesel back-up that combine to provide the means to improve 

reliability, costs, and the sustainability of energy used to operate the data centers in question. 
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I) INTRODUCTION 

A)   Background 

Global data centers consumed approximately 415 TWh of global electricity in 2024 (1-1.5% of total global consumption), while the IEA expects 

this figure to rise to 945 TWh in 2030 due to the artificially driven increases in power consumption for servers (rack level) that are expected to 

increase from 10 kW to over 60 kW. The continued reliance on the traditional energy supply (70% fossil fuel based globally) and the typical 2.7 

kg of CO2/kWh produced during weekly testing of standby generators is a very significant source of Scope 2 emissions. Significant price volatility 

in Europe (40% over the next 3 years), along with average delays of a minimum of 5 years in the development of transmission infrastructure to 

support the growth of 35% of new US data centers, make this practice even more arduous. Single-source renewable energy (solar) contributes to 

the increasing difficulty of obtaining 99.982% uptime (20-40% capacity factor) and peak demand during late-afternoon hours while batteries are 

limited in providing 3-day backup. Regulatory pressure for improvements in Power Usage Effectiveness (PUE) and renewable energy matching 

in addition to reductions in Scope 2 emissions has been established through the introduction of the European Union’s Corporate Sustainability 

Reporting Directive (EU CSRD), California Senate Bill (SB) 253, SEC regulations regarding climate disclosures, as well as voluntary 

commitments to 24/7 Carbon-Free Energy (CFE) by Google and Microsoft. 

The economic justification for the implementation of solar energy storage systems (BESS) and batteries has been significantly strengthened due 

to 89% decreases in the levelized cost of electricity (LCOE) for both BESS and solar down to $46/MWh (less than retail electric rates in 18 US 

states) and peak demand reductions attributed to BESS reducing demand charges by 25-40%, resulting in return-on-investment (ROI) periods of 

4-6 years. 

 
Figure 1: Simulation model for global data center electricity consumption [1] 
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B) Limitations of Single-Source Models 

This cannot be attained on its own with a solar-only or diesel-only installation with a Tier III/IV uptime of 99.999%. The grid dependency 

puts the facilities at a risk of variability in the tariffs whereby the emission and maintenance of diesel backup is extremely costly. No sources can 

adequately cope with outage situations and discrepancy in loads. 

C)   Research Objectives and Scope 

In this work, we will examine a new design for an advanced energy hybrid power system that incorporates PVs (1.5 MWp capacity), battery energy 

storage systems (BESS) (2 MWh), UPS (2.5 MVA), grid tie-in, and diesel generation as an ultimate fallback plan for medium/large-sized data 

centers of ≥1 MW IT loads.[4] 

 The unique feature of this system is its source switching controller, which takes into account multiple energy criteria based on dynamic multi-

objective optimization and switches between sources in a few milliseconds (within 10 ms) by taking into account current levels of solar radiation, 

state of charge of BESS (>20% threshold), the condition of the utility grid and tariff signals, fluctuating load demands, and cost parameters. This 

system will provide uninterrupted service at Tier III/IV levels (99.982%), reduce costs of energy consumption, as well as significantly lower CO2 

emissions than other traditional grid/diesel or pure renewables combinations [8] 

As opposed to previously discussed dual-sourced energy management system, our proposed hybrid solution consists of four-layered cascade 

control, BESS discharge scheduling with predictive analytics, fault-tolerant relay redundancy control, and time of use-based economic dispatch 

control, leading to PUE reduction by 18-25%, 35-50% decrease in diesel generation run-time, and 4-6 years ROI [2][3] 

 

II) LITERATURE REVIEW 

A)   Hybrid Power Systems that are already in place 

Previous studies have examined grid-tied solar and dual-source hybrid systems in data centers, and these have demonstrated to minimize PUE and 

operating expenses. There is little experimental experience with two source combinations and complete four source integration as with the most 

work [2]. 

B)   Technologies in support of Hybrid Architectures  

PV under favorable irradiance results in a decrease of 20-40 per cent in grid consumption. BESS has a round-trip efficiency greater than 92 percent 

and maximum shaving [3]. Along with the traditional backup services, the new UPS services are also involved in the demand-response services. 

C)   Research Gaps  

The existing literature does not have a collective optimization framework of smart switching among all the four elements simultaneously. Very 

little has been accomplished in the dynamic prioritization logic, fault-tolerance analysis, or ROI modeling in a single integrated system - the gaps 

that are precisely filled in this paper to simulation-based analysis and a consistent set of architectural design [7][8] 

 

III) PROPOSED HYBRID POWER ARCHITECTURE 

A)   System Design Overview  

The architecture suggests four sources of power to a single supply chain: solar PV, the main source of renewable power, BESS, the load-leveling 

and storage system, UPS, the immediate fault bridging system, and diesel generators, the fallback. Each layer has a definite order of priority which 

is regulated by a centrally located energy controller [4]. 

B)   Component Roles  

Solar PV can give real-time IT load during the hours of production [5]. Unrealized energy would be stored in a BESS that would be released when 

production was low or during peak period. In case of changing source, the UPS guarantees that there is no interruption of transfer. Diesel is only 

controlled on the occurrence of a reduction in BESS state-of-charge that is below the given limit and when the grid supply is discontinued. 

 
Figure 2: Prediction process of the PV power generation 

 

C)   Source-Switching Logic and Resilience  

The novel switching model employs real time inputs such as solar irradiance and BESS charge level, grid availability and the load demand to 

trigger the smooth transitions of the sources within a millisecond. Priority order: Solar, BESS, grid, diesel [6]. The fault tolerance features are the 
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redundant switching relays, the predictive BESS discharge schedules to obtain the uptime during the simulated grid outage and the intermittency 

of the solar [11][12] 

 

IV) PROPOSED HYBRID POWER ARCHITECTURE 

A)   Simulation Setup  

The simulation was done using Matzelab/ Simulink with one year of real-world solar irradiance and a synthetic IT load profile that is representative 

of 2 MW data center. Components specification (solar PV 1.5 MWp, BESS 2 MWh lithium-ion, UPS 2.5 MVA and diesel 1 MW) was changed 

based on the industry standards. 

B) Optimization Model  

The source-switching algorithm was simulated as a priority controller with cost-optimization overlay which was a rule-based priority controller 

that minimized the levelized cost of energy (LCOE) and yet kept a 99.99% uptime requirement. A 10-year ROI has been calculated based on 

capital expenditure, fuel savings and the price of carbon credit. 

C) Evaluation Metrics  

Performance evaluation employs industry-standard metrics including Power Usage Effectiveness (PUE = Total Facility Energy/IT Equipment 

Energy, target <1.25 vs. global 1.55 average), Carbon Usage Effectiveness (CUE = Total CO₂ emissions/IT work, target <200 gCO₂/kWh), and 

Levelized Cost of Energy (LCOE = Lifetime costs/energy delivered, target $45-60/MWh vs. $90-120/MWh grid-diesel baseline). System 

availability validates Tier III/IV requirements (99.982-99.995% uptime, ≤1.6 hrs/year downtime) through <10 ms source-switching during 72-

hour simulated outages, while diesel runtime reduction targets 65-85% via BESS bridging and predictive scheduling. Return on Investment (ROI) 

calculates 10-year payback from $3.2M solar + $2.8M BESS CAPEX against fuel savings ($0.25/L diesel avoided), 30-50% demand charge 

reduction, and $100/ton carbon credits, achieving positive cashflow by year 5. Additional KPIs include battery round-trip efficiency (>92%), solar 

capacity factor (22-28%), grid import dependency (<25%), controller MTBF (>100,000 hours), and 20-year TCO comparing hybrid vs. 

conventional architectures, collectively demonstrating technical feasibility, economic viability, emissions reduction, and operational resilience. 

 
Figure 4: 24-hour simulation showing hybrid system performance: Solar PV generation 

 

V) PROPOSED HYBRID POWER ARCHITECTURE 

Simulation results exhibit that suggested architecture of hybrid power significantly ameliorates operational resilience, and energy efficiency within 

medium-to-large data centers. The system acquired reduction of “Power Usage Effectiveness (PUE)” of 18% to 25% in comparison with to 

configurations of traditional grid-diesel, because of prioritization of the solar PV, as well as optimized utilization of battery. There was a reduction 

of carbon emissions by about 35% to 50% because the dependence on the diesel generators, indeed, was alleviated to the rate contingency scenes. 

Combination of "Battery Energy Storage Systems (BESS)" authorized efficacious peak shaving, as well as assured continuity at the time of 

intermittent generation of solar along with grid outages. From economic outlook, this model depicted positive “return on investment (ROI)” within 

6 to 8 years, driven only by decreased fuel consumption, minimize grid reliance, and potential incentives of carbon credit. Smart algorithm of 

source-switching maintained the uptime of 99.99%, validating suitability in case of requirements for Tier III/IV data centre. At the time oof f 

outages simulated 72-hour grid, this system effectively maintained load without any interruption by dynamically collaborating BESS discharge, 

as well as controlled activation of diesel.  

However, many challenges were detected. High initial “capital expenditure (CAPEX)” for BESS deployment, and solar PV remains a 

hindrance extensive adoption. In addition to that, the degradation of battery over time, as well as complexity of the real-time control initiates the 

operational unpredictabilities.[5][6]  
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Figure 3: Proposed hybrid power architecture for data center with priority-based source switching 

 

The integration with the legacy infrastructure along with variability within solar irradiance just across the geographic regions impacts the 

performance of the system. The research in upcoming days must emphasize systems of predictive energy management driven by AI for optimizing 

demand forecasting, and source switching. Exploration of the alternative technologies of storage, including hydrogen, or enhanced batteries of 

solid, -state, might improve enduring sustainability. Besides this, real-world pilot executions are essential for validating simulation results, and 

refining system scalability just across varied regulatory, and climatic environments [3] 

 

VI) PROPOSED HYBRID POWER ARCHITECTURE 

Simulation results exhibit that suggested architecture of the study depicts novel architecture of hybrid power which is renewable, and energy-

integrated in case of sustainable data centres, amalgamating solar PV, diesel backup, UPS, and BESS within magnificent source-switching 

framework. [6] Proposed model effectively balances cost optimization, high reliability, and energy efficiency, thereby acquiring vital alleviations 

within PUE, operational costs, and carbon emissions at the time of maintaining uptime which is near-continuous. Despite challenges associated 

with system complexity, and capital costs, architecture exhibits robust potential for scalable deployment.[10] Future enhancements within energy 

storage, as well as magnificent control systems can improve feasibility of solutions of hybrid power in indeed, meeting growing demands of energy 

of contemporary data centres [9] 
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