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Abstract: The energy efficiency of data centers has become an urgent problem as it is enjoy-
ing rapid development. This study proposes an integrated energy system involving a data
center with different renewable energy sources and waste heat recovery, which can consider
the partial and unsteady working load of data center. A dynamic and sophisticated system
simulation model is established, which can provide both reliable and fast evaluations but
also allow flexible extension of additional components. It is found that the free natural
resource cooling system can cover about 28% of cooling demand. Compared to the refer-
ence condition, the proposed energy system achieves significant energy-saving benefits,
with an energy-saving rate of 16.4%. The system COP increases from 3.88 to 4.64, and the
PUE decreases from 1.36 to 1.30, resulting in a 23.45% reduction in electricity expenses.
By integrating a waste heat recovery system, the heat pump can absorb approximately
3.57 million kWh of heat from the data center, providing approximately 4.587 million kWh
of heating energy for users. The rooftop PV system generates approximately 370,000 kWh
of electricity annually, covering approximately 8% of the total electricity consumption of
the data center. This study can offer a new channel for the energy efficiency enhancement
of data centers.

Keywords: data center; renewable energy integration; waste heat recovery; system control;
numerical simulation

1. Introduction

Digitalization is expanding its settlement in nearly every field nowadays, especially for
building and machine digitalization [1]. Since the birth of AlphaGo, Artificial Intelligence
(AI) has entered a fast-developing channel. This growing momentum is even higher after
the release of ChatGPT and some related products, which totally changed our life and
work fields. The supports for those Al products are data centers located around the world,
which are also enjoying a fast growth rate [2]. Significant energy is necessary to sustain
the continuous operation of these data centers. Energy consumption has been increasing
markedly in recent years, and the energy consumed by data centers per square meter
exceeds that of typical office buildings by over 100 times [3]. Therefore, the development
of renewable technologies is crucial for enhancing energy efficiency and decreasing the
electricity consumption of data centers.
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1.1. Literature Reviews

The energy consumed in data centers is mainly used to power CPUs for computing
and to power air-conditioning systems for space cooling. Basically, for data centers, there
are three major channels for energy performance enhancement: advanced spacing cooling,
waste heat recovery, and integration with renewable energy sources. Those three methods
are explained well in a study by Huang et al. [4].

First, spacing cooling by advanced air conditioning system is important for data
centers because the room temperature will influence the operation of CPUs in servers.
The best way is by using free cooling, which is also widely applied in many data centers
in the world. Previously, Zhang et al. [5] made a complete review study on free cooling
technologies in which they generalized several effective methods, including airside free
cooling using outdoor air directly and waterside free cooling using nature cooling sources.
In order to reduce energy costs in data centers, some studies are investigating seawater
cooling energy sources for their infrastructure. A data center located in Stockholm has
cut about 80% of their energy bill by deploying an innovative seawater cooling system.
The Power Usage Effectiveness (PUE) value of the data center has been decreased to an
ultra-efficient 1.09 through waste heat recovery. Some data centers are located near lakes
and rivers. These natural water systems can be used as a cold source for free cooling of data
centers to save energy. For data centers with rack and room levels using lake water cooling,
the effectiveness of energy-saving was investigated. When the racks operated with 1 to
4 kW of electric power, the Power Usage Effectiveness ranged between 1.11 and 1.15 [6]. The
reduction in life cycle costs and energy savings for equipment incorporating the lake water
source free cooling system were 22.06-36.45% and 34.9-52.4%, respectively [7]. Further,
in practice, the hot—cold aisle containment method is mostly used. By doing so, it avoids
mixing the cooled air with heated air, so that the energy efficiency is improved. Even if
the cooling energy is sufficient, the management of those energies is also important. If
advanced control is to be used in cooling energy management, a variable air flow system is
one of the options [8]. The cooling load in the rack can be met by adjusting the airflow rate
considering also the partial load of the servers in real situations. Various methods exist for
implementing a variable airflow strategy, such as monitoring the return air temperature,
evaluating the actual IT load, and maintaining a pressure difference between the supply
and return vents.

Secondly, waste heat is a kind of thermal energy source for data center, which could be
re-used by a waste heat recovery system [9,10]. In general, such waste heat can be utilized
in district heating networks or directly provided for heating other building [11]. The air-
side cooling system can reliably supply low-temperature, high-capacity waste heat [12].
If the temperature is not enough, a heat pump could help elevate the grade. Waste heat
can be recovered by the air-source heat pump system and applied to heating nearby office
buildings. It could significantly reduce operational costs, carbon emissions, and electricity
consumption, with a payback period of about 2.5 years [13]. Furthermore, Lin et al. [14]
utilized the CO, heat pump in a data center to recover the waste heat. This system upgraded
the low-temperature waste heat to meet various heat demands. Depending on the working
fluids used in the cooling cycle, the system’s payback period varies between 2.04 and
2.46 years.

Thirdly, for data centers, the application of renewable energy can make a further
improvement in energy efficiency. The use of renewable energy, including solar [15,16],
wind, and hydropower, among others, can replace the electricity consumed by data centers,
reduce dependence on fossil fuels, reduce carbon emissions, help protect the environment
and mitigate climate change, and help data centers reduce energy costs. For improving
the consumption of renewable energy, operators of large data centers around the world
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have set up renewable energy power generation devices [17]. Malkaméki and Ovaska [18]
conducted research on the solar energy and free cooling potential for data centers located
in Europe. Meanwhile, the fundamental correlations between cooling requirements, air
temperature, and solar energy were investigated. The efficiency of employing on-site
renewable energy systems and free cooling was evaluated in different configurations, con-
sidering factors such as emission levels, net present value costs and water, and energy
savings [19]. For a combined cooling, heat, and power (CHP) system utilizing fuel cells, the
energy and economic performance were analyzed. For data centers, the results revealed
that advanced energy management technology can lead to significant reductions in CO,
emissions, operational costs, and energy consumption. The application of the CHP system
could result in an annual decrease in energy costs of over 47% [20]. Little and Garimella [21]
proposed a new paradigm that integrates waste heat recovery, cooling mechanisms, power
supplies, and upgrading systems to significantly reduce the data center’s energy consump-
tion. This paradigm enables a reduction in the data center’s overall primary energy usage
by as much as 23%, while simultaneously generating an additional revenue stream through
the sale of upgraded thermal energy. Zachary Woodruff et al. [22] proposed a strategy
called Environmentally Opportunistic Computing (EOC), which can enhance the energy
efficiency of buildings and data centers through distributed waste heat reuse.

The coordination of data center load dispatching and renewable energy consumption
is also very important [23]. Xu and Buyya [24] proposed an algorithm for workload transfer
to reduce carbon footprint and manage renewable energy utilization in data centers. The
evaluation also includes the impact of distributing and processing requests across various
time zones when utilizing renewable energy. For distributed data centers, prioritizing the
use of renewable energy was investigated. After predicting the local renewable energy
shortage, three scenarios of energy consumption were analyzed: (1) when renewable energy
alone can meet the load transfer demand, (2) when both renewable energy and municipal
power jointly supply the load transfer and migration consumption, and (3) when municipal
electricity solely provides for the load transfer and migration consumption [25]. Obviously,
for data centers, the utilization of renewable energy presents promising opportunities and
significant challenges, indicating that there is still a long way to go.

1.2. Research Gaps and New Contribution of This Study

We have found that, in previous studies, many proposals have been made to promote
the data centers’ energy efficiency through renewable energy integration, waste energy
recovery methods, or cooling systems, while few considered the integration of advanced
treatments. To bridge the research gaps and advance the energy utilization of the data
center, this study contributes to the following aspects:

(1) For data centers, many studies only postulated the servers working under a constant
load level; however, in a real situation, the working loads of servers are not a constant
in time series, which poses a chance for optimized control of both thermal and electri-
cal power management systems. In this paper, a consideration of partial load status is
involved in the system dynamic simulation, which can offer a more realistic result.

(2) A complete and sophisticated multiple energy sources integrated model for data
centers is established, which can offer free cooling using energy from lakes or rivers,
PV power generation from solar energy, and waste heat recovery for building heating.

(38) Detailed analyses that are conducted with quantitative estimation of energy saving
potentials of the proposed system are presented, which can provide a solid guide for
the future design and operation of a greener data center in the age of Al
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2. Methodology and Model
2.1. Model of Data Center

A data center located in Guangzhou, Guangdong Province, China is simulated in
this study, comprising 4 computer rooms and 2 equipment rooms. The total area of the
computer rooms is 1867.4 m?, including 740 server racks. The size and maximum power of
rack are 0.6 X 1.2 x 2.2 m® and 4 kW, respectively. The detailed parameters and layout of
the data center are shown in Table 1 and Figure 1, respectively. To delve deeply into the
energy utilization of data center under specific load fluctuation scenarios, the load rate
variation of a typical day was chosen and is shown in Figure 2.

Table 1. Parameters for data center load simulation.

Computer Room 1 Computer Room 2 Computer Room 3 Computer Room 4
L x W x H (m?) 29.1 x 16.3 x 4.5 29.1 x 16.3 x 4.5 26.1 x 17.6 x 4.5 26.1 x 17.6 x 4.5
Area (m?) 474.3 474.3 459.4 459.4
Server number 190 192 178 180

Heat transfer
coefficient for
enclosure structure
Illuminance
Maximum power of
server rack

1.26 W/(m?-K)

10 W/m?
4 kW

WA W3
Data Room 3 a
O Data Room 1 | Equipment
Room 1
Y Data Room 2 | Egquipment Data Room 4 -
Room 2 -
W2 w4

Figure 1. Layout of the data center.

The meteorological parameters used in the simulation are exported from the software
named Meteonorm V8, consisting of temperature data from 2000 to 2019 and solar radiation
data from 1996 to 2015, compiled by the World Meteorological Organization (WMO).
Figure 3 displays the meteorological parameters for Guangzhou.
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Figure 3. Meteorological parameters in Guangzhou.
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In this simulation, the designed supply/return air temperature for the data center is
22 °C/37 °C, and the designed return and supply chilled water temperatures are 20 and
15 °C, separately. The data center cooling load includes IT equipment, building envelope,
occupancy, ventilation, lighting, infiltration, etc. Compared to the cooling load caused by
IT equipment, the heat from occupancy and infiltration is negligible and will be ignored
in simulation. Hourly load calculations are performed using TRNSYS, and Table 2 shows
the calculated results. The results indicate a relatively constant cooling load throughout
the year in the data center, ranging from 1680 to 2695 kW due to changes in server load
rate. Therefore, when selecting cooling equipment, consideration should be given to the

performance of the equipment under partial load conditions.

Table 2. Statistical summary of cooling load.

. . Load for Computer Load for Computer Load for Computer Load for Computer
Design Cooling Load Room 1 Room 2 Room 3 Room 4
2694.74 kW 691.66 kW 698.89 kW 648.48 kKW 655.71 kW
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2.2. Multi-Energy Source Integration System Structure

In this study, the hybrid renewable energy system is employed in the data center. The
energy-saving technologies involved include natural cooling technology of cooling towers,
waste heat recovery technology for data centers, water source heat pump technology, and
solar photovoltaic (PV) technology. As shown in Figure 4, the data center is cooled by the
chiller and the heat pump is applied to recover waste heat. Meanwhile, the PV system
generates electric, thus saving energy.

.

Data center Heating demand

£ ke

|
|
|
|
!
[
g
| &t
o e —

Heat storage

Surface
water

Heat
Chiller pump tank

Cooling
tower

Figure 4. The hybrid renewable energy system in a data center.

The cooling system has two sets of cold sources: chiller for mechanical refrigeration
and lake water for the natural cold source. The latter exchanges heat with return chilled
water by the plate heat exchanger to cool the data center. The cold source system oper-
ates in three modes: fully natural cooling, partial natural cooling, and fully mechanical
refrigeration. When the temperature of the lake water is at least 3 °C cooler than the local
wet bulb temperature, lake water cooling is employed; otherwise, cooling towers are used.
The operation strategy consists of three modes. (1) Fully natural cooling mode: when the
temperature of the lake water is below 12 °C, using natural cold source cools the chilled
water in the plate heat exchanger. (2) Partial natural cooling mode: when the temperature
of lake water falls within the range of 12 to 18 °C, the plate heat exchanger operates in series
with the chiller, utilizing natural cold source to pre-cool the chilled water. (3) Mechanical
cooling mode: the mechanical refrigeration system is activated when the temperature of
the lake water exceeds 18 °C.

In winter, the data center’s waste heat recovery system is activated to capture residual
thermal energy from the return chilled water. This heat is then used to provide domestic
hot water. This system is managed by an additional water source heat pump system. On
the evaporator side, the temperature for 50% of the return chilled water dropped by 5 °C
from 20 °C, while on the condenser side, it heats auxiliary rooms and supplies domestic
hot water. The system principle is illustrated in Figure 5.

A rooftop PV power generation system is installed in the data center, consisting of
714 monocrystalline silicon solar panels with a total area of 1845.26 m2. The rated power
generation efficiency is 21.3%, with an installed capacity of 392.7 kW. The PV power
generation system can be activated by solar radiation in any season.
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Heating load
i Hot water A Hot water
return supply
[t ——— i
4|—| Condenser I }
| I
I | Heat pump
4:—| Evaporator I :
Chilled Chilled
Y water -~ water
supply return

Data center
cooling load

Figure 5. The principle of the waste heat recovery system.
2.3. Sub-Models of the System
(1) Chiller

The chiller selected for this study is the GREE CT series high-temperature centrifugal
chiller. Modeling is founded on the component of steam compression water-cooled chiller,
Type 666 in TRNSYS. The principle is shown in Figure 6.

Qoling water stream

Condensor

Thermal

barrier

Expansion
valve

Compressor

Evaporator

Chilled water stream

Figure 6. The principle of the chiller.

At actual running conditions, the current Coefficient of Performance (COP), COP o,
and cooling capacity, Capacity, are related with chilled water leaving temperature and
cooling water inlet temperature. The COP and cooling capacity of the chiller at current
conditions are calculated using the following equations:

COPom = COPmted ) COPratio (1)

Capacity = Capacity,,,,,-Capacity, ., )

where COP,y, is the COP of the chiller under actual operating conditions; COP,,;, is
the rated COP of the chiller; COP,;;, denotes the proportion of actual COP to rated COP;
Capacity indicates the chiller’s cooling capacity under actual operating conditions (k] /h);
and Capacity,,,; and Capacity, ., represent the rated cooling capacity of the chiller (kJ/h)
and the proportion of actual cooling capacity to rated cooling capacity, respectively. The
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COP ratio and capacity ratio are determined by current cooling water temperature and
chilled water in TRNSYS.

(2) Cooling Tower

The cooling tower employs a counterflow design and is modeled using the cooling
tower component Typel62d in TRNSYS. As shown in Figure 7, hot water directly contacts
with air, cooling down due to sensible heat transfer driven by the temperature difference
between the air. Meanwhile, evaporation occurs, leading to mass transfer into the air. This
process facilitates the exchange of heat from the cooling water to the air, which is then
released into the surrounding environment. In Figure 7, m,;, ma o, My, and my, mean
the inlet and outlet mass flow rate of dry air and water, respectively; T, i, Ta o, Tw,i, and
Tw,o represent the inlet and outlet temperature of dry air and water, respectively; w, ; and
Wa,o are air humidity ratio of inlet air and outlet air, respectively; and Tsump indicates fully
mixed sump temperature.

Air

Air

m

W,0,

’"a,i Ta,i wa,i
w,0

T, sump

Figure 7. The counterflow cooling tower.

The total heat exchange for a single cooling tower is calculated as follows:

Qcell = €aMig (ha,w,i - ha,i) 3)

where m, and e, denote the mass flow rate of dry air in kg/s and the air-side heat transfer
efficiency, respectively, and h,; and h, ,,; indicate the enthalpy of moist air at the air inlet
and the enthalpy of moist air at the cooling water inlet, k] /kg.

(3) Heat Exchanger

The water-to-water plate heat exchanger is used in this study, with counter flow inside.
As shown in Figure 8, thermal energy is transferred from the high-temperature side to the
low-temperature side. The heat exchanger model is established by the effectiveness-NTU
(e-NTU) method. Firstly, the smaller heat capacity is identified for both fluids. Then,
the effectiveness is calculated based on the flow arrangement and overall heat transfer
performance of the exchanger. Finally, the fluids” outlet states are determined.

The heat exchange is given by the following equation:

Qr = 8Cmin(Th,i - Tc,i) (4)

where € and C,,;, represent the efficiency for the counterflow heat exchanger and the heat
capacity of the fluid with smaller heat capacity, k] /(kg-K), respectively; T, ; and T, ; denote
the inlet temperature of the high-temperature fluid and the low-temperature fluid, °C,
respectively.
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Hot Side Cold Side

Figure 8. The plate heat exchanger working principle.

(4) Water Source Heat Pump

The water source heat pump model is based on the heat pump component Type927
in TRNSYS. The heat pump mainly consists of four components: expansion valve, com-
pressor, condenser, and evaporator. The basic principle follows the reverse Carnot cycle.
Unlike pure refrigeration cycles, heat pumps can serve both heating and cooling purposes,
depending on the direction of refrigerant flow. The heat pump system is illustrated in
Figures 6-9.

\ Fluid Flow

Evaporator (Heating mode)
Condensor (Cooling mode)

_Oitdoor
Indoor

l J [ I Ff Pressure reducing valve

Compressor

Condensor (Heating mode)

| Evaporator (Cooling mode) |

/ Fluid Flow

Piping for heating mode

Piping for cooling mode

Figure 9. The heat pump system.

The operating modes (heating or cooling) of the heat pump are determined by the
control signal. The COP is calculated by the following formula for heating mode:

_ Qheating

COP ®)

Pheating

where Qjeating and Pheating indicate the heat output and the power consumption for heating
mode, k] /h, respectively.
The COP can be calculated by the following equation for cooling mode:

_ Qcooling

COP )

Pcooling

where Q1ing and Pcooling denote the cooling capacity and the power consumption for
cooling mode, k] /h, respectively.
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(5) Pump and Fan

The pump and fan can run at speeds ranging from 0 to rated speed, when they are
under the variable frequency mode. The equipment’s flow rate varies linearly with the
control signal. At any given flow rate, power consumption follows a polynomial pattern
based on the control signal, which is as follows:

P = Pyapeq(ao + ayy + axy* + a3y’ +agpt + ) )

where P, is the rated power, kW; v is the control signal, which ranges from 0 to 1; and
a9, a1, and a; are coefficients related to the control signal and the power consumption.

(6) Photovoltaic System

The PV module is based on the Type 103 PV generator component in TRNSYS. The
component can accurately simulate the electrical behavior of both monocrystalline and
polycrystalline PV panels. The current-voltage properties can be predicted using the
empirical equivalent circuit model (ECM, including a DC power source, a diode, and a
resistor). The solar radiation has an impact on the power source’s power intensity, and the
temperature affects the diode’s IV characteristics. The predictions for the behavior of a
multi-module array are based on the results obtained from a single module’s ECM. The
ratio of the PV system’s output power to the solar radiation is the conversion efficiency.

(7) Hot Water Tank

There are two hot water tanks with a volume of 500 m? in this model. The hot water
tank (constant volume liquid storage tank component, Type 158 in TRNSYS) was modeled
in the simulation model to store the heat recovered from return chilled water by the water
source heat pump. The heat water tank model is a cylindrical tank and has up to two inlets
and two outlets. The heat dissipation through tank boundaries (top, bottom, and edges of
tank) was calculated in this model. The tank is divided into several isothermal nodes in
vertical direction to simulate the stratification caused by density difference of water in hot
water tank.

The water temperature in tank can be calculated by

thank _ Qin - Qout
dt Ctank

(8)

where Qj, represents the heat carried by inlet fluid, which is related to inlet fluid tem-
perature and flow rate, kW; Qoyt is the heat carried out by fluid and heat dissipated to
environment through tank boundaries, kW; and Cy,y is the specific heat capacity of liquid
in the tank, J /kg/K.

2.4. Simulation Model

According to the system principles and operation strategies, the simulation platform
for the data center energy system is built by various equipment modules mentioned before,
along with the system control logic through TRNSYS [26]. The operational characteristics of
various energy-saving technologies can be mirrored. Meanwhile, the energy consumption
can be simulated. The time step of simulation is 5 min. As shown in Figure 10, the dotted
lines indicate the control logic and the dashed lines mean the output. The solid lines
represent the real fluid path, where light blue represents indoor air circulation, dark blue
represents chilled water circulation, and purple represents cooling water circulation. The
main equipment and TRNSYS types of simulation model in Figure 10 are shown in Table 3.
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Figure 10. Simulation model of hybrid renewable energy system in a data center.

Table 3. Main equipment and TRNSYS types of simulation model.

Component Name

Type 5b Plate heat exchanger

Type 56 Data center
Type 103b PV system
Type 110 Water pump
Type 114 Water Pump
Type 147 Air blower
Type 158 Water tank
Type 162d Cooling tower
Type 508c Cooling coil
Type 657 Heat exchanger
Type 666 Water cooled chiller
Type 927 Water source heat pump

2.5. Model Validation

After establishing a simulation model, it is critical to ensure its reliability and accuracy.
Since measured data are difficult to obtain, an effective approach is to validate at the com-
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ponent level, especially for data centers where core components such as chillers and cooling
towers have a decisive impact on overall performance. In this paper, the experimental
data from Ref. [27] are used to perform the validation, and the validation results of cooling
tower and chiller are shown in Tables 4 and 5, respectively. For the chiller validation, the
chilled water setting temperature, the chilled water flow rate, and the cooling water flow
rate are 7 °C, 201.1 L/s, and 234.2 L/s, respectively. The maximum relative error is 7.32%,
and the average relative error is 3.02%. Therefore, the simulation model established in this
paper can be used with confidence. In Tables 4 and 5, T, in, Teo_ins Twet bulbs a0 Trower ins
respectively, represent chilled water inlet temperature, cooling water inlet temperature, wet
bulb temperature, and cooling tower inlet temperature, °C; giower is flow rate of cooling
tower, m®/s; and Er is relative error, %.

Table 4. Validation results for cooling tower.

Twet_bulb/o C qtower/ms 571 Ttower_in/O C Tout_sim/O C Tout [271/°C Er/%
1536 37 30.82 32 3.69

22 1234 35 28.53 30 4.90

1697 38 31.94 33 3.21

1345 35 28.97 30 3.43

21 1850 38 32.36 33 1.94

1674 37 31.25 32 2.34

Table 5. Validation results for chiller.

Teo in/°C Teh in/°C COPgim COP [27] Erl%
18.33 8 5.182 5.166 0.31
20.67 10 7.286 6.838 6.55

32 12 6.301 6.213 1.42
18.33 9 5.907 5.97 1.06
25.33 11 7.637 7.116 7.32

3. Results and Discussion
3.1. System Energy Consumption

The energy consumption statistics in the system are shown in Figure 11. It can be
observed that the total annual energy consumption of the data center cooling system is
4,774,289.60 kWh. It is noted that the energy consumption is lower in winter compared
to summer, and both winter and summer energy consumptions remain relatively stable.
The main factor is the energy consumption of the chiller. In winter, when the outdoor
temperature is low, the system operates in fully natural cooling mode or partial natural
cooling mode, significantly reducing the operating energy consumption of the chiller, which
achieves energy savings for the system.

Among the components in the system, the chiller and fans are the most energy-
consuming parts. The fan consumption is correlated with the cooling load in the data
center. Given a constant heat dissipation from internal equipment in the data center, the fan
energy consumption remains relatively stable throughout the year. However, the energy
consumption of the chiller exhibits a clear seasonal trend. In winter, when natural cooling
sources can be utilized, the energy consumption of the chiller significantly decreases,
leading to a reduction in overall system energy consumption.

The system employs variable frequency control for both water pumps and fans.
When using fixed frequency water pumps and fans, the system’s energy consumption
is 5,709,714.145 kW. Compared to this, the energy-saving rate of the variable frequency
system reaches 16.38%.
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Figure 11. Monthly energy consumption.

The operation hours in different modes are shown in Figure 12. Throughout the year,
the fully natural cooling mode runs for 813.45 h, accounting for 9% of the total annual
operating time. The partial natural cooling mode runs for 1585.3 h, representing 18%
of the total annual operating time. Meanwhile, the mechanical cooling mode operates
for 6361.25 h, constituting 73% of the total annual operating time. Influenced by the
climate conditions in Guangzhou, the time available for using natural cooling sources is

concentrated in winter, leading to significantly lower system energy consumption during
winter compared to summer.
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Figure 12. Operating hours in different modes.
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3.2. System Cooling Capacity

The cooling capacity of the system is illustrated in Figure 13. The required cool-
ing capacity of the system is provided through three different methods: mechanical
cooling by chiller, natural cooling system through plate heat exchangers, and the win-
ter waste heat recovery system. The total annual cooling capacity of the system is
22,155,355.77 kWh. Among these, the cooling capacity provided by the natural cooling
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system is 2,596,604.95 kWh, accounting for 12% of the total cooling capacity. The cooling
capacity absorbed by the waste heat recovery system is 3,576,348.14 kWh, representing
16% of the total cooling capacity. The remaining 72% cooling capacity is provided by the
mechanical cooling system, which is 16,017,008.91 kWh. It was found that by using the
natural cooling system and the data center waste heat recovery system, a total of 28% free
cooling is achieved, thereby reducing the energy consumption.
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Figure 13. Monthly cooling capacity.

3.3. Waste Heat Recovery System

The waste heat recovery system operates only during winter, recovering part of the
heat from the data center to meet the heating needs of auxiliary rooms and supply domestic
hot water. During the operation of the waste heat recovery system, the heat pump absorbs
a total of 3,575,709.597 kWh of heat from the data center. This recovered heat can provide
available heating energy of 4,587,711.45 kWh. The temperature variation in the thermal
storage tank throughout the year is shown in Figure 14. During winter, it can consistently
provide hot water at 45 °C. In summer, when the heat pump is turned off, the temperature
in the thermal storage tank gradually decreases, but it can still maintain the outlet water
temperature at around 30 °C.
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Figure 14. Temperature of the waste heat recovery water tank.
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3.4. System Electricity Balance

The electricity generation statistics for the PV system are shown in Figure 15. The
electricity generation of the PV system remains relatively consistent across different months.
The total annual electricity consumption of the system is 4,774,289.60 kWh, and the distri-
bution corresponds to the energy consumption pattern. The PV electricity generation is
368,712.07 kWh, accounting for 7.72% of the total electricity consumption. The remaining
electricity is supplemented by the municipal power grid. The electricity generation of
the PV system is constrained by the area of the PV panels. In this study, a rooftop PV
system is employed, consisting of 714 monocrystalline silicon PV panels with a total area of
1845.26 m?. The peak efficiency of the panels is 21%, and the installed capacity is 392.7 kW.
The data center operates as a load-type virtual power plant. PV electricity generation is
solely used for its own electricity consumption and is not sold to the grid.

— PV — Grid I Grid

Power loss

Electricity consumption ey

500, 000
=700 <
< = 400, 000
= =
600 .
> +
+ o
‘Z 500 2300, 000
= o
E !
S 400
o o
2 “T 200, 000
£ 300 pe
3 g
7 —
= 200 =
100, 000
100
0
0 2000 4000 6000 8000 1 2 3 4 5 6 7 8 9 10 11 12
Time (h) Month
(a) (b)

Figure 15. Hourly electricity consumption and PV generation. (a) Hourly statistics. (b) Monthly
statistics.

According to the electricity consumption in the municipal power grid and based on
the commercial electricity price in Guangzhou, the electricity expenses of the system are
calculated, as shown in Figure 16. The results indicate that the total annual electricity
expenses of the system are CNY (Chinese Yuan) 3.638 million. In comparison, for a data
center that uses fixed-frequency fans and pumps without a PV system, the annual electricity
expenses are CNY 4.752 million. This represents a saving of CNY 1.114 million in electricity
expenses, accounting for 23.45% of the original electricity expenses.
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Figure 16. Daily and monthly electricity expenses. (a) Daily statistics. (b) Monthly statistics.
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3.5. System Energy Efficiency

The energy efficiency is shown in Figure 17. The average COP of the chiller throughout
the year is 9.75. The overall average COP of the system for the entire year is 4.64. In contrast,
when using fixed-frequency pumps, the annual system COP is only 3.88.

[ chiller cOP
12 B system COP

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 17. Monthly energy efficiency.

The cooling load factor (CLF) of the system is calculated by the following formula:

CLF = Ecool 9)
Err
The formula for calculating the Power Usage Effectiveness (PUE) of a data center is as
follows:
Etotal
PUE = T = 1+ CLF + PLF (10)
IT

where E, is the energy consumption of computers in cooling system; E;,;,; is the total
electrical energy consumption of the data center; Ejt is the electrical energy consumption
of the IT equipment; PLF is the power load factor.

It is found that compared to the data center using fixed-frequency fans and pumps
without a PV system, the CLF decreases from 0.26 to 0.22. After removing the energy saved
by the PV system, the PUE declines from 1.36 to 1.30 (with a PLF of 0.1).

4. Conclusions

The data center is a notable energy consumer in the power grid. However, the
integration of hybrid renewable energy systems has improved the energy structure of data
centers. In this study, the energy consumption of the hybrid renewable energy system in a
data center is modeled and analyzed. The following are the main conclusions:

(1) In terms of energy consumption, the use of a natural cooling system and waste
heat recovery system enables a portion of the required cooling for data centers to
be obtained for free. This proportion is closely related to outdoor meteorological
parameters, and it will further decrease when the outdoor air temperature or the
water temperature is lower.

(2) Compared to the reference condition, the proposed hybrid renewable energy system
achieves significant energy-saving benefits. The system COP increases, and the
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PUE decreases, resulting in the reduction in electricity expenses. Efficient cooling
equipment under partial loads is required to reduce the energy consumption of the
cooling system. In addition to the cooling system and IT equipment, data center
energy consumption also includes auxiliary facilities such as the power supply and
distribution system and the lighting system. Improving the energy efficiency of those
facilities and reducing their proportion in the total energy consumption can further
reduce the PUE.

(3) During the operation of the waste heat recovery system, the heat pump can absorb
heat from the data center and provide heating energy for users. As the demand for
heating increases, more heat can be recovered from the data center.

(4) The rooftop PV system can generate electricity to supply the data center. The area of
the PV system in the study is limited by the roof area. In actual projects, measures such
as increasing the scale of PV systems—and coupling with wind power, hydropower,
etc.—can be taken to increase the proportion of renewable energy in the energy
consumption, thereby achieving further energy savings.
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