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ABSTRACT

With increasing adoption of artificial intelligence (Al) comes a corresponding increase in
energy demands of associated data centers. Data centers require a continuous heavy energy
supply for operation and high cooling load requirements. Because of these demands, an
additional power generation system (including nuclear, hydro, wind, or energy storage system)
needs to be implemented into the design of data centers, which can have a direct impact on the
cost and footprint of the facilities. Simultaneously, data center facilities can produce low-grade
waste heat up to 100°C, with potential energy recovery via a power conversion system that can
reduce energy consumption or have potential district heating applications. A pumped thermal
energy storage (PTES) system based on a supercritical carbon dioxide (sCO.) power system can
utilize the low-grade waste heat from the data centers to improve the system-level energy
efficiency. It can also balance energy costs by using energy that has been stored from the power
grid during periods of low demand or from high production due to renewable energy generation
systems. In this paper, a PTES system designed to provide energy to data centers and utilize the
low-grade waste heat generated via cooling systems will be presented. The PTES system for data
centers operates in two regimens (i.e., charging and generation cycle) and the thermal energy is
stored in high- and low-temperature reservoirs. At the same time, the waste heat provided by the
data centers is used to improve the PTES round trip efficiency (RTE) via the charging cycle. The
PTES is designed to operate with the data center maximum cooling temperature up to 100°C and
with ambient air-cooling temperature in range of -20°C to 40°C. The optimization results show
that the PTES coupled with the data center cooling system can reach RTE of 80% and can provide
required power to data centers.

INTRODUCTION

Energy storage systems play a more significant role with increased energy demand
requirements which do not correspond with potential energy generation availability, especially
with fast-growing data centers and Al applications. In 2024, the energy demand increased by
2.2% and the electricity demand increased by 4.3% [1]. In 2022, data center consumption was
around 1.3% of the total electrical consumption [2]. Compared to other industries/end-users (e.g.,
electrical vehicles, energy-intensive industries, etc.), the data centers are only a small portion of
the overall energy demand at this moment. One of the main challenges of the data centers is their
impact on the local electrical grid due to spatial concentration [2]. The data centers require large
amounts of energy for cooling as well as for servers, storage, network, and other operational
infrastructure. The typical energy consumption for a data center is shown in Figure 1 [3].

Energy consumption may vary based on the type of data centers. For example, a data center
run by companies for their own use requires more than 20% for the cooling, and hyperscale data
centers operated by companies such as Google, Amazon, Microsoft or Meta, might require less
than 20% for the cooling [3]. The predicted growth in energy consumption for data centers
between 2024 and 2030 is around 15% per year [3]. Due to this forecast, alternative energy
systems such as pumped thermal energy storage (PTES) systems are necessary for sustainable
data center operation.
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Figure 1: Data center energy consumption.

The PTES can provide low-cost energy and reduce potential risk on the electrical grid [4]. The
PTES system can operate with a wide range of available and required load, ambient conditions,
and thermal storage mediums and corresponding temperatures [5]. Additionally, the PTES system
can potentially use low-grade waste heat, which is generated by the cooling system of the data
center [6,7]. This can reduce required energy consumption (see Figure 1) compared to other
cooling technologies used for the data center cooling, and can have a positive effect on the PTES
performance (RTE) and overall system size. To utilize the low-grade waste heat requires several
modifications of the PTES. The waste heat recovery will remove one of the storage reservoirs
(low-temperature reservoir). However, the additional heat can increase the coefficient of
performance (COP) of the charging cycle which has a direct impact on the system round trip
efficiency (RTE). On the other side, the higher temperature of the waste heat compared to low
temperature reservoir affects the operation temperature of the medium temperature reservoir and
recuperative heat exchanger.

In this paper, a study to evaluate potential design of a data center coupled with a PTES system
is investigated. The proposed system will provide required energy to the data center as well as
remove necessary waste heat from the data center cooling system to reduce data center energy
consumption and improve the PTES system performance. The study focuses on a wide range of
ambient conditions and temperature ranges of the waste heat between 100 and 10°C.

SYSTEM DESCRIPTION

The proposed PTES system operates in two regimes, i.e., generating (GEN) and charging
(CHG) regimes, that reflect the cycle layouts’ configuration. In the charging regime, the CHG cycle
operates to store the thermal energy in storage reservoirs by converting the electricity available
in the electrical grid. Additionally, the CHG cycle is designed to receive heat from the data center
cooling system via a waste heat recovery heat exchanger. The heat received from the data center
has a potentially positive effect on the CHG cycle coefficient of performance (COP) compared to
CHG without waste heat recovery option. In the generating regime, the GEN cycle operates to
converge the stored thermal energy into the electricity to support either the electrical grid demand
or the data center demand. Compared to the CHG cycle, the GEN cycle is not designed to utilize
the waste heat generated by the data center’s cooling system.

Each cycle consists of its own set of design point parameters, namely mass flow, temperature,
and pressure based on the cycle layout configurations, system operating load, and available



waste heat load or cooling load. Both cycles share the main components such as HTX and MTX
(the interfaces between cycle working medium and reservoirs working/storage medium) and
recuperated heat exchanger. Other components are specific for each cycle. The CHG and GEN
cycle configurations are shown in Figure 2. The PTES system optimized in this study was
designed based on the baseline PTES system without waste heat recovery utilization. The
difference between the PTES for data center applications and the baseline PTES is in the DTX
and DTACX, which are replaced by low temperature reservoir in the baseline PTES configuration.

Charging cycle

The CHG cycle consists of a turbine (T), compressor (C), air-cooled heat exchanger (ACX-
C), recuperative heat exchanger (RCX), high and medium temperature reservoirs heat
exchangers (HTX and MTX), and data center heat recovery heat exchanger (DTX). As was
mentioned above, the HTX, MTX and RCX are common for CHG and GEN. The ACX-C is a cycle-
specific heat exchanger that serves to reject excess heat in each cycle to maintain thermal
balance between the reservoirs. In the CHG cycle, ACX-C operates on the high-pressure side of
the system. The DTX is a cycle-specific heat exchanger that is used to transfer heat from the data
center cooling system into the CHG working medium (CO3). The CHG configuration is shown in
Figure 2 (left side).
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Figure 2: CHG (left side) and GEN (right side) Cycle Configuration.

Generating cycle

Similar to the CHG cycle, the GEN cycle consists of common components such as CHG cycle,
the recuperative heat exchanger (RCX), high, and medium temperature reservoirs heat
exchangers (HTX and MTX). Additionally, the GEN cycle consists of a generating turbine (T),
pump (C), and two air-cooled heat exchangers (i.e., ACX-G and DTACX). The ACX is a cycle-
specific heat exchanger that serves to reject excess heat in each cycle to maintain thermal
balance between the reservoirs. Compared to the CHG cycle, the ACX-G operates on low-
pressure side of the system. Because of non-waste heat recovery during the GEN cycle, DTX is
replaced with an additional air-cooled heat exchanger (DTACX), that is used to reject additional
heat required for the system operation. The GEN configuration is shown in Figure 2 (right side).



System assumptions

In this paper, a case study of a potential PTES system designed to provide energy to data
centers and utilize the low-grade waste heat generated via cooling systems has been
investigated. To design and optimize the PTES system for the data center applications, several
assumptions and boundary conditions need to be established. The assumptions and boundary
conditions are listed in Table 1.

Table 1: Case study assumptions and boundary conditions.

Parameter CHG | GEN Unit
Load 100 MW
Max. system operating pressure 20 - 26
- . MPa
Min. system operating pressure 2.5
Compressor / pump efficiency 90
Turbine efficiency 90 o
Heat exchangers effectiveness 98 °
Air-cooled heat exchanger effectiveness 98
DTX inlet/outlet temperature difference 10 | n/a °C

The pressure drops and mechanical losses are not included in the simulations. The
compressor motor efficiency is around 98%; turbine gearbox and generator efficiency are around
96%. Both cycles are considered to operate at a range of ambient temperatures (-20°C to 40°C).
The waste heat / data center cooling system is considered to achieve maximum temperature in
range of 10°C to 100°C. To be able to utilize the available waste heat, additional assumptions /
limitations have been considered. Those assumptions are that the W ratio is considered to be
in range of 0.05 to 0.5, and the MTX cold temperature to be in range of 50°C to 100°C. The Wh.m
ratio is ratio between medium temperature reservoir load and sum of medium-temperature
reservoir and high-temperature reservoir loads (Equation 1), and it defines the potential storage
load in the system between the reservoirs.

QMTR
y_ = —— 1
h=-m QMTR+QHTR ( )
Q
Yhmn = Q;?; (2)

Similar assumptions are used for the baseline PTES system. The main difference is due to
low temperature reservoir which adds additional reservoir ratio (Whc). The Whe ratio is ratio
between the low temperature reservoir load and high temperature reservoir load (Equation 2).
The MTX cold temperature is not limited, and is to be considered as low as 24°C. The P-h and T-
s diagrams of GEN and CHG baseline system is shown in Figure 3. Note: the results in Figure 3
are for ambient temperature 0°C, W 1.3, and W, ratio 0.1.

The PTES system was optimized via in-house code (MATLAB-based cycle model), which was
developed and has been used for various ongoing projects related to PTES and waste heat
recovery systems [8,9].

RESULTS AND DISCUSSION

The first step of the study is to optimize the baseline PTES, which will be used as a baseline



and system comparison for the PTES coupled with data center. The baseline PTES system has
been optimized with Wh.n, ratio of 0.1 and 0.2 and ambient temperature in range of -20°C to 40°C.
The results are shown in Figure 4. According to the results the baseline PTES system can operate
with RTE around 58% (Wh.m=0.1) or 62 to 64% (¥h.m=0.2) in the full ambient range.
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Figure 3: P-h and T-s diagrams of GEN and CHG baseline system.
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Figure 4: RTE results for baseline PTES system.

The proposed PTES system for the data center application has been optimized based on the
assumptions listed in Table 1. The CHG and GEN cycle were optimized together to keep the
same operation parameters between CHG and GEN, that might be affected by the ambient
temperature or / and waste heat temperature from the data center. As was mentioned, the CHG
cycle is operated with waste heat, which is transferred into the system via DTX on the low-
pressure side of the CHG cycle. Because of this, the working medium temperature increases on
the inlet to the low-pressure RCX, which has an impact on the high-pressure RCX outlet and
simultaneously has an effect on the ACX-C and MTX parameters. Due to this, the MTX cold
storage medium temperature increases from 24°C up to the new design temperature.

Based on the optimization results, the highest COP is achieved for the MTX cold temperature
in range of 60°C to 80°C. Like the CHG cycle, the higher MTX temperature has an impact on the



GEN cycle performance. According to the results, the highest cycle efficiency is achieved for MTX
temperature in range of 80°C to 90°C. Hence, the MTX cold temperature based on the
optimization results was selected to be approximately 80°C. This temperature is used for all
simulation results listed in this paper.
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Figure 5: COP distribution for various waste heat source temperatures and Wh.m ratios.
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Figure 6: Cycle efficiency distribution for various ambient temperatures and Wh.m ratios.

The results for the CHG cycle are listed in Figure 5. The results listed in the figure are for the
ambient temperature of 0°C. According to the results, the COP is in the range of 1.8 to 2.8 for
selected waste heat temperatures and Wh.m ratios. The highest COP is achieved for the highest
waste heat temperature and Wh.m ratio. Similar results can be seen for cases with various ambient
temperatures in range of -20°C to 40°C. However, the ambient temperature has limited effect on
CHG performance due to the flow split between MTX, RCX and ACX-C (see Figure 2), and the
effect of ambient temperature on the COP is insignificant. Most of the flow is going via RCX and
MTX. The ACX-C flow is changing based on the Wh.n, ratio, i.e., higher ratio requires lower ACX-
C flow rate.



Similar to CHG cycle results, the GEN cycle results are listed in Figure 6. The GEN cycle
operates with various ambient temperatures (-20°C to 40°C) and Wh.n, ratios (0.05 to 0.1). Within
those ranges, the cycle efficiency can reach up to 35%, according to the results. The highest cycle
efficiency is achieved for the lowest Wy ratio and ambient temperature. Based on the results, the
ACX-G load is significantly smaller compared to the RCX load to keep the MTX cold temperature
at design temperature (i.e., 80°C). Most of the heat rejection is done via the DTACX heat
exchanger. The results also showed that GEN and CHG cycle best operation points are for the
opposite Whm ratios, this has direct impact on the system design point and overall system RTE.
The RTE varies based on the ambient and waste heat temperature, and the W,.m. Because of
this, the two most promising cases (i.e., Wh.m = 0.1 and 0.2) are selected as potential design
operation ranges of the PTES coupled with the data center applications.
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Figure 7: RTE distribution for various ambient, and waste heat source temperatures (Wh.m = 0.1).
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Figure 8: RTE distribution for various ambient, and waste heat source temperatures (Wh.m = 0.2).

The RTE results for the Wh.n ratio equal to 0.1 are shown in Figure 7, and results for the Wh.n
ratio equal to 0.2 are shown in Figure 8. The results are for ambient temperature in the range of
-20°C to 40°C in the GEN cycle and for 0°C in the CHG cycle. As was mentioned above, the effect



of the ambient temperature on the CHG cycle is insignificant. Because of this, the effect of the
CHG ambient temperature on the overall RTE is insignificant as well.

The results show very similar trends for both cases; the PTES system can operate in the
selected ambient and waste heat temperature ranges with the RTE up to 85%. According to the
results listed in Figure 7 and Figure 8, the RTE is very sensitive to the ambient temperature as
well as the waste heat source temperature. The lower ambient temperatures have a positive effect
on the RTE. With increasing ambient temperature, the RTE is decreasing, especially for the
highest ambient temperatures. The drop in the RTE for the hot day temperatures is very similar
for both cases. The difference between the cases starts with ambient temperature below 0°C.
The higher RTE can be achieved with higher Wy ratio, see Figure 8.

In comparison with the baseline PTES system, the PTES system coupled with data center
applications achieved higher RTE for full range of waste heat temperatures and ambient
temperatures below 10°C. The baseline PTES system performs better for higher ambient
temperatures. However, the difference in RTE can be reduced with higher waste heat source
temperatures. The comparison between the baseline PTES and the PTES coupled with data
center applications is shown in Figure 9. The comparison listed in Figure 9 is for the waste heat
source temperature equal to 50°C, which can be assumed as typical cooling temperature for
typical data centers. Similar trends can also be observed for the different waste heat source
temperatures.
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Figure 9: RTE comparison between the baseline and data center PTES with waste heat source
temperature of 50°C.

CONCLUSION

In this study, a PTES system for data center applications utilizing waste heat from the data
centers had been designed and optimized based on the assumptions listed in Table 1, and
compared with baseline PTES system without waste heat utilization. The results showed that the
PTES system can operate with RTE close to 80% with ambient temperatures around -20°C and
the waste heat can improve the system performance for cold days compared to baseline PTES.
On the other side, the RTE rapidly drops with increasing ambient temperature and can reach RTE



around 30% (40°C). The effect of the ambient temperature on the CHG performance is
insignificant. Because of the negligible affect of ambient temperature on CHG cycle performance,
the system is able to charge during the day, when there is already available electricity from
renewables, and then generate at night, when the temperatures drop and the available electricity
is already reduced. This system can provide low-cost electrical power for the data center, while
providing efficient cooling during high ambient temperatures.

The improvement in the RTE for the higher ambient temperatures can be potentially achieved
with additional flow split distribution between ACX-C, RCX, and MTX as well as maximum and
minimum operation pressures and temperatures. Additionally, CAPEX and OPEX will affect the
design operation point as well, which includes the ongoing and future work in this study.
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