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Maximizing waste heat recovery
from a building-integrated edge
data center

Mustafa Kuzay?, Ender Demirel*?*?, Cagatay Yilmaz?, Binod Prasad Koirala* & Philipp Heer*

Small data centers can be integrated into the energy systems of commercial and tertiary buildings

to capture waste heat generated by servers, mitigate environmental impacts and enhance energy
efficiency. This study introduces a novel methodology for maximizing waste heat capture from the
cooling coils by optimizing workload distribution in an edge data center consisting of air-cooled
servers. The maximization of outlet temperatures algorithm (MOTA) was developed using a validated
fast thermal evaluation approach. Experimental studies were conducted to characterize parameters
of the cooling system such as air and water flow rates and effectiveness of the coil. A multi-region
conjugate heat transfer (CHT) numerical model was developed to demonstrate feasibility of the
proposed approach. Heat transfer through the cooling coil was numerically modeled using the
effectiveness-NTU method. Good agreement was achieved between the simulated and measured
water temperatures at the outlet of the cooling coil. Numerical simulations conducted using the
validated CHT model show that the MOTA can improve heat recovery by up to 17.1% under various IT
loads. Furthermore, optimizing the water flow rate can reduce the cooling load by up to 53.2%. These
combined results highlight the potential of the proposed algorithm for energy-efficient management
of data centers. Computational cost and real-world applicability of the proposed algorithm were
discussed in detail.
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New power consumption distribution matrix
Reference power consumption distribution matrix

Pa Density of air (kg/m?)
Puw Density of water (kg/m?)
S, Momentum source
S Source term
T Temperature (°C)
T in Air temperature at the inlet of the low temperature grid (°C)
T, out Air temperature at the outlet of the low temperature grid (°C)
Toin Water temperature at the inlet of the low temperature grid (°C)
wout Water temperature at the outlet of the low temperature grid (°C)
mew New outlet temperature distribution matrix
T:jtf Reference outlet temperature distribution matrix
T Inlet temperature of the server (°C)
Tiout Outlet temperature of the server (°C)
sup Supply temperature (°C)
Velocity (m/s)
Abbreviations
CHT Conjugate heat transfer
DC Data center
FTE Fast thermal evaluation
GAMG Generalized Geometric-Algebraic MultiGrid
HPC High Performance Computing
IT Information technology
IBM International Business Machines
ICT Information and Communication Technologies
ES Fan speed
IPMI Intelligent Platform Management Interface
kw Kilowatt
LTG Low temperature grid
MTG Medium temperature grid
MOTA Maximization of outlet temperatures algorithm
NTU Number of Transfer Units
OCP Open Compute Project
PBiCGStab  Stabilised preconditioned bi-conjugate gradient
PIMPLE Combination of PISO and SIMPLE
PISO Pressure Implicit with Splitting of Operator
SIMPLE Semi-Implicit Method for Pressure-Linked Equations
VOR Valve opening ratio
WS Working scenario

The rapid advancements in information technologies (IT) have highlighted the crucial role played by data
centers (DCs) in meeting increasing power demand in recent years. These facilities are associated with high
energy usage and significant carbon emissions! ™. Effective cooling is essential for the reliable performance and
longevity of IT equipment as it prevents overheating. Additionally, the waste heat generated by IT equipment
offers a valuable opportunity for recovery. The excess heat can be utilized for heating buildings, reducing overall
energy consumption and enhancing the sustainability of data center operations by integrating waste heat recovery
systems. This dual approach improves energy efficiency while contributing to environmental sustainability and
resource optimization®1°.

DCs serve as critical infrastructures within I'T networks worldwide to power and cool IT equipment. The
primary goal is to establish a network environment that operates efficiently and reliably'!. These facilities range
in complexity from a single rack in a server room to large-scale computing facilities consisting of diverse IT and
cooling equipment designed to ensure continuous operation'?"1%. As a prominent example, a recent report by
the Central Statistics Office (CSO) highlighted that Irish data centers consume 18% of the total energy supply,
representing a 31% increase over the previous year. The operations of DCs also account for about a quarter of
greenhouse gas emissions'* and are considered to have the fastest growing carbon footprint within the entire
information and communications technologies (ICT) sector’®. Such tremendous energy demand and carbon
footprint by DCs have highlighted the importance of energy-aware management in recent years.

Globally, cooling accounts for about 40% of total energy consumption in DCs'®. While air-cooling is still
a widely used cooling method in DCs due to its practical options, liquid-cooling has emerged as an effective
cooling for high power IT equipment due to the high heat transfer capacity. Modular air-cooled systems such
as raised-floor setups, in-row cooling!”!8, rear-door cooling'®, and rack-mounted cooling®, can handle a
maximum heat load of up to 20 kW per rack?!. Various cooling methods have emerged as efficient and eco-
friendly technologies to recover waste heat from DCs?2. One potential alternative is on-chip liquid cooling,
where the primary coolant is delivered directly to the main processor, GPU and ancillary circuits remove the
heat generated by power equipment. Researchers have identified major competing chip cooling technologies
such as microchannel single-phase flow, porous medium flow, jet impingement cooling and microchannel two-
phase flow and pool boiling”26. Despite recent advancements in cooling technologies, the majority of DCs
today are air-cooled, meaning that the waste heat is released into the atmosphere, often using cooling tower or
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a chiller. Outlet temperatures of air-cooled servers are typically observed in the range of 35 to 45 °C, making it
suitable for recovery and use to heat neighboring buildings. Consequently, waste heat recovery has emerged as
a significant opportunity in DCs to reduce their environmental impact. In recent years, attention to waste-heat
recovery from data centers has increased, reflecting both the rising energy demand of digital infrastructure and
the need for sustainable integration with surrounding energy systems. Several technical and techno-economic
studies have explored algorithms to improve recovery potential, focusing on methods to raise the quality and
usability of waste heat and to enable its effective use in building services and district heating networks?’~.

Advances in computing technologies have established Computational Fluid Dynamics (CFD) models critical
and promising tools for the thermal simulation of DCs. CFD models enable detailed analysis of flow and thermal
structures in a data center to capture adverse effects such as recirculating hot zones and cold air by-pass**~3,
which reduce efficiency and increase energy consumption by cooling. Among the CFD models, as a multi-region
approach, Conjugate Heat Transfer (CHT) models offer valuable insights into the calculation of heat transfer
based on the energy balance between distinct regions such as air, water and solid considering thermophysical
features of each region. However, CHT models have been less used in the thermal modeling of DCs due to their
complexities involved in generating multi-region mesh and definitions of boundary conditions that account for
neighboring thermal regions. As CFD models require significant computational time to achieve a steady-state
thermal map, fast prediction of internal thermal field is essential for the optimization of workloads under specific
IT and cooling scenarios. Accordingly, the fast thermal evaluation (FTE) models are integrated to the energy-
aware workload assignment algorithms to minimize IT energy consumption in DCs*~%°. Typically, a series of
CFD simulations conducted using referencing and profiling power consumptions to build airflow matrices that
capture interactions between servers and recirculation effects. The literature has proposed thermal-aware and
energy-efficient workload allocation strategies, such as temperature-aware scheduling and energy-minimization
approaches. These works typically pursue two main objectives: (i) reducing hotspots to improve server reliability
and cooling efficiency and (ii) lowering IT energy consumption by considering thermal maps and balancing
workloads across servers. Therefore, the primary focus of the present study is to maximize waste heat recovery
by optimizing workload traffic within the data center.

In this study, a three-dimensional CHT model was developed using open-source CFD libraries to simulate
waste heat recovery from the cooling coils of an air-cooled micro data center. An experimental campaign was
conducted under various operating scenarios and cooling conditions to characterize water flow rate through
the cooling coils, the air flow rate supplied by the fans and the heat transfer across the cooling coils. The
numerical model was validated with the experimental data collected through an integrated data monitoring
and management platform. A novel workload allocation algorithm was designed by integrating the validated
numerical model with the FTE to maximize waste heat recovery from building-integrated micro DCs. The
results of numerical simulations, performed under various workload distributions and cooling conditions, were
evaluated in terms of waste heat recovery and cooling power consumption. The rest of the paper is organized
as follows: Sect. 2 introduces the pilot edge data center where the proposed algorithm is developed, tested and
demonstrated. Section 3 presents experimental studies conducted for the characterization of the cooling system
in the pilot data center. Section 4 presents the multi-region thermal model for the simulation of heat transfer
between air and water. Section 5 focuses on the validation of the numerical model with the experimental data,
demonstration of the performance of the proposed algorithm in terms of waste heat recovery and cooling power
consumption. The last section discusses concluding remarks and future studies.

Configuration of the data center

The NEST (Next Evolution in Sustainable Building Technologies) demonstrator, a modular research and
innovation building operated by Empa in Switzerland, hosts a pilot data center to simulate IT scenarios in
European Union-funded projects ECO-Qube®® and HEATWISE?.. It is hosted in a mixed-use vertical energy
district that can be configured flexibly to emulate different use cases in terms of cooling technologies and
waste heat utilization. The NEST hosts an open hardware, single rack, air-cooled micro data center which runs
commercial IT loads of up to 12 kW and stores data. The micro data center shown in Fig. 1(a) is integrated into
the thermal and electricity grids of the NEST building. NEST’s active thermal grid, which incorporates a variety
of thermal grids interconnected by thermal storage, heat exchangers and heat pumps, provides a platform to
explore waste heat capture under diverse IT loads. As shown in Fig. 1(b), the rack cabinet contains 32 identical
Leopard V3.1 models of Open Compute Project (OCP) servers, wedge units, and power shelves. The servers are
numbered sequentially from bottom to top and labeled as left and right regions on the figure.

As shown in Fig. 1(c), the hot air exhausted from the IT equipment is cooled by the cooling coils integrated
into the medium temperature grid (MTG) and low temperature grid (LTG) to regulate various flow regimes
within the building. The heat is transferred from the hot air to the water through the coils and the cooled air is
directed by the fans to the inlets of the servers. The LTG comprises of three water coils, which can be controlled
by three-way valves mounted at the inlet of each coil to distribute water supplied by the pump. The hot water
from the LTG is directed to the cooler of the building as a cooling load, while the water heated by the MTG is
directed to the building as waste heat recovered from the data center. Components of the cooling system shown
in Fig. 1(c) are also listed in Table 1. The cooling system illustrated in Fig. 1(c) was designed and manufactured
to address the specific needs of the corresponding projects*®41.

The IT and cooling data within the data center are managed through an integration of several data monitoring
platforms such as Prometheus*?, Grafana*® and Modbus**. Prometheus is utilized to monitor and store Intelligent
Platform Management Interface (IPMI) data from the IT equipment. Parameters of the cooling system such as
valve opening ratio (VOR) and fan speed (ES), are adjusted via Modbus to control water flow rate through the
coils and regulate fan speeds. Finally, Grafana*® is employed to visualize the sensor data collected from the
cooling unit.
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Fig. 1. (a) Snapshot of the edge data center (b) rack layout and (c) three-dimensional view of the cooling
system.

Component | Description

1 Humidifier

2 Low and medium temperature grid pumps
3 MTG coils

4,5,6 LTG coils

7 Valve

8,9,10 Fans

Table 1. Components of the cooling unit.

Experimental characterization of the cooling system

Experimental studies were conducted at the pilot data center by adjusting the VOR and FS of the cooling system
using the Modbus protocol to model flow and thermal characteristics of the cooling system in the multi-region
numerical model.

Modeling flow rate of water

Flow rate of water ( Qw) passing through the coils is controlled by the VOR parameter using the Modbus
protocol. Experimental tests were conducted for various VOR values with the FS set to 5% to observe variations
of the flow rate as a function of VOR itself. Data were recorded during 15 min for each VOR and time-averaged
values of the recorded flow rates are plotted with respect to the VOR in Fig. 2. The flow rate of water through the
coils remained nearly uninfluenced by the valve opening at both low and high settings. Based on the recorded
data, the variation in the flow rate of water with VOR is described by the following sigmoid function:

a
Qu = 1+ be—(VOR—d) 1)

where Q. is the flow rate of water, empirical coeflicients are determined as a=1.61934, b=0.370234, c=18.2585
and d=0.569614 with R*=0.995. The VOR can be determined from the following equation explicitly to adjust
the Q. during experimental tests:

fln( 1.61934— Q. )
VOR = 0.370234¢10-4177

18.2585

)

Modeling flow rate of air
The flow rate of air supplied by the fans of the cooling system is typically measured using flow meters located
at specific positions of DCs*>*6. However, uncertainties arising from the combined effects of measurement
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Fig. 2. Best fit to the measured water flow rates for various VORs.

Q, (m’/h)
Fan Speed (V) | VOR=50% | VOR=60% | VOR=70% | VOR=80% | Average
20 1656.35 1631.00 1611.08 1546.22 1611.16
25 1921.41 1923.79 1895.86 2044.43 1946.37
30 2323.48 321141 2225.76 2280.46 2510.28
35 2671.99 2767.18 2678.88 2624.81 2685.72
40 3180.07 2952.13 2954.41 3148.49 3058.78
45 3487.07 3412.28 3294.93 3328.89 3380.79
50 4067.03 3835.92 3824.37 3765.46 3873.20

Table 2. Measured airflow rates for various FS and VOR.

location, the number of flow meters and alteration of air flow caused by the presence of the measurement devices
in such a small medium may reduce reliability of the measured data. In this study, instead of using flow meters,
the airflow rate is estimated from the following energy balance equation for the coil:

PaCpaQa 3)
Where To e and T, ou¢ are air temperatures at the inlet and outlet of the coil, respectively, Tw,e and Tw,out
are water temperatures at the inlet and outlet of the coil, respectively. Among these parameters, the 75 ¢,
Ta,out> Qu> Tw,e and Tu,out can be monitored via Grafana. Experimental studies were conducted for various
FS and VOR values to estimate air flow rate considering pressure losses by internal components shown Fig. 1¢
and to see the possible effect of the VOR on the results. As can be seen in the time-averaged values in Table 2,
effect of the VOR is trivial on the results. Therefore, average values given in the last column were plotted in Fig. 3
and used in the data analysis. The linear relation between flow rate and FS can be correlated with the following
empirical equation with R?=0.997:

Qo = T448.8572IFS + 84.508 (4)

Where @, in m3/h.
Modeling heat transfer through cooling coils

Effectiveness is crucial for the estimation of the heat transfer through the cooling coils based on the flow rates of
air and water. Effectiveness of the heat exchanger can be described by the following equation:
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Fig. 3. Variation of flow rate of air with FS.
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Pmaz (5)

€

Where Pcoi is the power of the coil that can be monitored via the Grafana and Pr.q. is the maximum amount
of energy that can be removed from air using the following equation:

Prae = Chmin (6)

Where Chin = min (Ca,Cw), Ca = pa.Cpa.Qa and Cuw = puw.Cpw.Quw. Subscripts a and w in the
equations represent air and water, respectively, C is the specific heat capacity and p is the fluid density.
Experimental studies were conducted systematically using 49 conditions as combinations of various VOR and
FS values to obtain effectiveness table for the present cooling coil. The VOR values changed between 50% and
80% and the FS values changed between 20% and 50% during experimental studies. Figure 4 shows variation of
the effectiveness with air and water mass fluxes. The generated effectiveness table can be used in the numerical
model for the realistic simulation of the heat transfer through the coils.

The present CHT model employs the effectiveness-NTU method for modeling heat transfer through the
cooling coils*:

If Co < Cu:

NTUZ-(%) In[Crln(l—¢€)+1] (7)

if Cq > Chu:

Ci) In(1— ecr)} )

Where, C; = Craz/Cmin and Cpaz = maz (Ca, Cw) -

NTU = —In {1-1—(

Fast evaluation of thermal field
Numerical models provide detailed and accurate analyses of airflow and temperature distributions, enabling
precise simulation of various cooling strategies and their effects on data center performance*®->°. However, CFD
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Fig. 4. Effectiveness curves for the cooling coil.

simulations are computationally intensive and time-consuming, making them less practical during optimization
studies. To address this challenge, the FTE approach described in*’ is used in the present study for the fast
prediction of inlet and outlet temperatures of servers under a given IT load distribution. In this model, the
relationship between inlet and outlet temperatures of a server ¢ is characterized by the following energy equation:

Pi = pafiCpa (T = T) )

Where f; is the flow rate of air passing through the server, p, is the air density and Cp . is the specific heat
of air. In this study, 24 simulations were performed for profiling, and one simulation was performed for the
referencing stage to model the P; matrix in Eq. (9), which represents interaction between servers considering
recirculation effects. The working scenario shown in Fig. 5(a) was designed for the validation of the FTE
approach in the present data center. Workloads were generated by running CFD jobs using parallel computing
at different utilization rates, resulting in power consumption levels shown in Fig. 5(a), and allocated to the data
center using the SLURM workload manager. Workloads were not submitted to the servers represented by grey
since these servers were allocated for data storage and management. Servers on the right side remained in an idle
condition. Outlet temperatures of servers were monitored and recorded via Prometheus during the experimental
study. Figure 5(b) compares the measured and predicted outlet temperatures. Mean and maximum prediction
errors were determined to be 1.23% and 5.76%, respectively. A statistical significance analysis was conducted
to assess performance of the prediction model. The present FTE model achieved an RMSE of 1.44 °C and an
mean absolute error of 1.09 °C, with a coefficient of determination of R>=0.93, indicating a strong correlation
with the experimental data. A paired t-test indicated a statistically significant difference between predicted and
measured values (t=5.25, p=2.5x107°< 0.001). The mean bias was calculated as 1.06 °C with a 95% confidence
interval of [0.64, 1.48] °C. The Bland-Altman analysis further showed that the maximum difference lays within
the limits of agreement (—0.84-2.97 °C). These results indicate that the FTE approach used in the present study
can accurately predict outlet temperatures of servers for a given workload distribution.

Numerical modeling of data center

Governing equations

Accurate modeling of heat transfer between air and water can be achieved through a multi-region CHT model.
Continuity, momentum and energy equations are solved sequentially in air and water regions considering
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Fig. 5. (a) Distribution of server power consumptions over the rack layout and (b) comparison of measured
and predicted outlet temperatures.

turbulence and buoyancy effects. Compressible and turbulent flow can be represented by the following continuity
and momentum Eq°l.:

9p , dpus _
ot " oz, 0 (10)
9] 9] _ —0p 0 o u; 9] T

Where p is the density, ¢ is the time, u; is the velocity component in the z; direction, p/ is the modified
pressure and u is the molecular viscosity. The turbulent stress in Eq. (11) can be calculated from the Boussinesq
approximation:

0 u; o0u; 2
—PUiIUj/=Mt<8x,+ax,>—§k5ij (12)
J K

Where £ is the turbulent kinetic energy and 6 ;; is the Knocker delta. In this study, the & — w SST turbulence
closure model is employed to simulate turbulence effects in the air region. Flow is laminar and incompressible in
water region due to the low Reynolds number flow through the coils. Two transport equations are solved for the
kinetic energy k and specific dissipation rate w 2. Then, turbulent viscosity can be calculated from the following
equation in the air region:

pairk

maz (a1w , SF2) (13)

My =

Where S is the strain rate invariant and a; is the model constant®'. The energy equation is solved for the flow®*:
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9 (oB) +

B aT 3 3w
91 [ui (pE +p)] = ! (u =

0
0 x; dxj AEffai.Tj+u’ia'U,j 8xipui/ujl)}+sE (14)
Where E is the total energy and Sg is the volumetric heat source to represent power generating components
on the servers in the numerical model. Thermo-physical properties such as density and specific heat capacity are
calculated dynamically according to the temperature field in the numerical model®*4.

Energy equations are formulated and solved for air and water separately to model heat transfer between two
distinct fluid regions. At the interface, coupled boundary conditions are imposed to ensure continuity between
heat flux and temperature. This approach accurately captures the interaction between two fluids, maintaining
consistency with the principles of energy conservation*®#755. Temperature fields in air and water regions are
calculated using the following equation:

pqo(ai_’_m@T): 9 (kaT>+5i (15)

8t 8$z aSL‘j aSL‘j

Where p denotes the fluid density, C}, is the specific heat of the fluid, w is the flow velocity, T"is the temperature,
k is the thermal conductivity and S; represents the volumetric heat source. Radiation effects are not considered
in the present CHT model. In addition, cooling coils are modeled as porous regions and heat transfer within
these regions is simulated using the effectiveness-NTU method.

Continuity of temperature (Tq = T%) and heat flux ( —kq 697;;‘ = fkw%) must be maintained on the
boundary between two fluid regions to ensure energy conservation and accurate representation of heat transfer

process.

Mesh and boundary conditions

Numerical simulations were performed using the open-source CFD software OpenFoam-v2312, which employs
a finite volume approach to discretize governing equations over a control volume using PIMPLE. This algorithm
combines PISO (Pressure Implicit with Splitting of Operator) and SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) algorithms for pressure-velocity coupling. Convective and gradient terms in the air region
were discretized using bounded Gauss upwind and Gauss linear schemes, respectively, while Laplacian terms
were discretized using a limited corrected Gauss linear method with a limiting coefficient of 0.33. In the water
region, convective terms were discretized using the bounded Gauss upwind method and Laplacian terms were
discretized using a Gauss linear uncorrected scheme. Discretized equations are stored in upper, lower and
diagonal matrices in the tridiagonal data storage framework of OpenFoam. The Geometric-Algebraic MultiGrid
(GAMG) and Preconditioned Bi-Conjugate Gradient Stabilized (PBiCGStab) linear solvers were used for solving
pressure and momentum equations, respectively, to optimize performance in parallel computing.

In the present CHT model, cooling coils are modeled as water region and the remaining part of the data
center is modeled as air region. A block-structured mesh was generated in the water region using the blockMesh
utility. In the air region, the mesh was generated using the snappyHexMesh utility with both hexahedral and
split-hexahedral meshing techniques in parallel computing. An advanced hex-dominant meshing algorithm was
applied to snap internal solid objects (Fig. 1¢) and to ensure a high-quality mesh with a minimal skewness and
non-orthogonality. The multi-region mesh generated for the present micro data center is shown in Fig. 6. The
mesh statistics listed in Table 3 indicate that the present mesh is suitable to accurately approximate convective
and diffusive fluxes on cell faces.

Results and discussion

In this section, numerical model is validated with the experimental measurements. Then, the MOTA is
introduced and demonstrated using the validated numerical model in terms of cooling load on the cooling
system of the building and waste heat recovery from the micro data center.

Validation of the CHT model

Four experimental tests were conducted using various utilization rates and workload distributions shown in
Fig. 7 to demonstrate accuracy and reliability of the present numerical model under diverse conditions in terms
of workload distribution, total IT load and cooling settings. The FS and VOR parameters of the cooling system
were adjusted to ensure reliable cooling of the environment under a given working scenario. The IPMI data
were recorded during 15 min at each test and time-averaged values of the recorded data were used for the
validation of the numerical model. The active servers, indicated in red in Fig. 7, were utilized 14% and 100%
during experimental tests.

The FS and VOR parameters of the cooling system, provided in the caption of Fig. 7, were used in the
numerical simulations based on the empirical Eqs. (2) and (4), respectively. Water temperatures measured at the
inlet of the cooling coil were applied as boundary conditions in the numerical model. Measured and simulated
air temperatures at the inlet and outlet of the coil, as well as the water temperature at the outlet of the coil, are
compared in Table 4. The consistency observed between measured and simulated air temperatures demonstrates
that the present thermal model predicts temperature distribution at the outlet of the servers accurately. The
maximum error of 10.37% between measured and simulated water temperatures at the outlet of the coil indicates
that the present heat transfer model, as implemented in the cooling system, can be used reliably. The present
CHT model successfully predicts the reduction in air temperature at the coil due to the heat exchange between
air and water.
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Air region Water region

Fig. 6. Right views of the (a) internal mesh and (b) internal components (c) top view of the internal

components.

Region | Number of Cells | Maximum Skewness | Maximum Non-orthogonality | Minimum Volume | Maximum Volume
Air 3,150,557 8.42 66.15 2.09e-08 1.35e-05

Water 31,136 1.20e-13 0 3.27e-06 3.28e-06

Table 3. Mesh statistics.

As visualized in Fig. 8(a), the air heated by the servers cools down as it flows through the LTG due to the
thermal energy transfer. The cooled air is then directed to the server inlets by fans of the cooling unit to recirculate
airflow inside the airtight micro data center. In Fig. 8(b), it is evident that the cold air directed to the server inlets
absorbs heat from the heat sources defined in active servers. Subsequently, the heated air travels through the
server outlets and leaves the rack cabinet. The highest temperatures within the data center are observed near the
servers since heat sources are defined in the servers to represent CPUs as heat sources. Figure 8(c) provides a
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(a)

(b) Wedge (C) Wedge (d) Wedge
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Out of use
mm Idle server
BN Active server

Fig. 7. Workload distributions and utilization rates: (a) Test 1 (FS=30% and VOR=55%), (b) Test 2 (FS=30%
and VOR =55%), (c) Test 3 (FS=30% and VOR=50%) and (d) Test 4 (FS=30% and VOR =55%).

Tw,out 15.16 14.28 5.80
Test1 3kW) | Ta,e 27.64 27.13 1.85
Ta,out 20.86 19.76 5.26
Tw,out 15.06 13.95 7.36
Test 2 (2.2kW) | Ta,e 26.59 24.92 6.30
Ta,out 20.62 18.48 10.37
Tw,out 16.14 15.59 3.42
Test 3 (3.5kW) | Ta,c 28.47 29.31 2.96
Ta,out 22.06 20.49 7.10
Tw,out 15.29 14.38 5.98
Test4 (3.5kW) | Ta,e 27.60 27.52 0.27
Ta,0ut 21.02 19.90 531

Table 4. Comparison of numerical and experimental results.

detailed view of a variable temperature distribution over the LTG. Within this grid, a significant heat exchange
occurs at the interface where air meets water. As the water flows toward the coil outlet, a noticeable increase in
its temperature is observed, indicating the effectiveness of heat transfer in this region.

The present CHT model was validated against four experimental cases from the testbed, which were selected
to represent a diverse range of I'T loads and cooling boundary conditions. The good agreement observed between
simulation results and measurements across these cases supports the reliability of the model under operational
conditions of the pilot data center.

Development of the MOTA
Numerical simulations are performed using various VOR values of LTG and MTG under the working scenario
shown in Fig. 7(a) to see effect of the water flow rate on the cooling load and waste heat recovery performance.
The simulated P, and P, .. values listed in Table 5 show that the cooling load can be minimized and waste
recovery can be maximized when the VOR, 1 and VOR TG A€ selected as 50% and 65%, respectively. Therefore,
this cooling configuration is preferred during the optimization of workloads.

Although servers in the present data center are identical, their exposure to varying degrees of cold or hot air
varies based on their locations, resulting in distinct heating and cooling dynamics. Locations of IT equipment are
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Fig. 8. (a) Right view and (b) left view of the flow structures and (c) temperature distribution over the LTG
under the working scenario of Test 1 (FS=30% and VOR=55%).

closely related to the airflow patterns, server fan types, and the cooling infrastructure. Consequently, even when a
fixed workload is assigned to each server, CPU temperatures fluctuate according to the aforementioned thermal
factors. The objective of workload distribution optimization is to utilize spatial characteristics of IT equipment
to maximize waste heat recovery. To this end, the FTE Model*”® is used to calculate outlet temperatures of
servers under an assigned IT load distribution. These outlet temperatures are then directly fed into the MTG
within the cooling unit. The MOTA employs the FTE method to optimize workload distributions and maximize
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Case | VOR ;. (%) | VOR 1o (%) | Pioy (KW) | Py (KW)
Case-1 | 50 50 1.30 2.36
Case-2 | 50 65 1.13 2.47
Case-3 | 50 80 1.11 2.45
Case-4 | 65 50 1.36 2.29
Case-5 | 65 65 1.21 2.42
Case-6 | 65 80 1.19 2.41
Case-7 | 80 50 1.34 2.31
Case-8 | 80 65 1.20 241
Case-9 | 80 80 1.18 2.39

Table 5. Variations of cooling load and recovered heat with VOR values.

(a) Wedge (b) Wedge
Wedge Wedge
— U
22 16 2 3
24 8 1 10
23 14 4 9
17 19 5 14
A— 5 a—| 24 23
3 9 21 20
18 15 6 19
10 2 7 22
12 11 8 17
6 } 13 18
13 1 15 16
20 21 12 11
Out of use Out of use

Fig. 9. Allocation of workloads sequentially using (a) Random and (b) MOTA approaches.

server outlet temperatures under the constraints outlined by ASHRAE'2. This algorithm strategically allocates
server workloads to maximize average rack outlet temperature, thereby improving waste heat recovery. Figure 9
illustrates working principles of two approaches, where a power consumption of 300 W is sequentially assigned
to an available server using Random and MOTA workload assignment algorithms. The numbers on the servers
represent sequence of the assigned work. A total IT load of 7.2 kW is assigned to the data center at the end of
the assignment process.

Figure 10(a) compares volumetric average water temperatures in the MTG when workloads are assigned
randomly and when using the MOTA. The water temperature rises continuously as new workloads are assigned
to the data center. However, the temperature difference between two approaches tends to decrease with
increasing workload and converges to an identical value when the rack is fully utilized. Figure 10(b) compares
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waste heat recovery from the data center when the workloads are assigned according to the Random and MOTA
approaches. The MOTA increases waste heat recovery by 17.1% compared to the Random approach when the IT
load is 3 kW. As shown in Fig. 10(c), the load transferred to the cooling system of the building was reduced by
14.6% when the workloads were assigned using the MOTA. The proposed approach also maintains its superiority
over the randomly distributed workload assignment algorithm achieving at least an 8% improvement even when
the data center capacity exceeds 50%.

To demonstrate the impact of water flow rate on the cooling load as a function of the IT load, the numerical
simulations were repeated using the cooling configuration of Case 1 in Table 5 and results are compared in
Fig. 11. The significant difference observed between two cooling settings tends to increase with the IT load,
highlighting the importance of optimizing cooling parameters in a data center based on workloads.

Numerical simulations were conducted with the valve of the MTG closed (VOR,;;,;=0). The exhaust heat
from the servers was captured by the LTG and transferred to the cooling system of the building. The VOR
values of the LTG and MTG were selected as the optimal values determined from the numerical experiments.
Maximum air temperatures at the outlet of the fans are compared in Fig. 12(a). When the MTG is activated,
the maximum air temperature is reduced by 34.3% because a portion of the heat is removed from the air by the
MTG. As shown in Fig. 12(b), the volumetric average of water temperature LTG is reduced by 16.4% when the
MTG is activated, which highlights a significant reduction in the cooling load of the building. Activation of the
MTG also reduces the average air temperature within the data center. The improvement achieved by MOTA
tends to decrease as the total IT load increases due to fact that servers operate close to their maximum utilization
and the flexibility to strategically reallocate or redistribute workloads reduces as thermal and performance
characteristics across servers become uniformly constrained On the other hand, under low IT loads, the MOTA
can allocate workloads to servers thermally advantageous positions, thereby achieving more pronounced gains
in outlet temperature management and waste-heat recovery compared to traditional workload algorithms.

A variety of thermal-aware and energy-efficient workload allocation strategies have been proposed
in the literature, including sensor-based fast thermal evaluation®*->%, thermal-aware scheduling®-®! and
chip-temperature-based allocation®®. These methods aim to reduce local hotspots and minimize IT energy
consumption. However, their optimization objectives and application layers differ fundamentally from the
present approach, where the MOTA targets maximization of server outlet temperatures to maximize waste heat
recovery efficiency at the building integration level. Furthermore, implementing chip- or inlet-level balancing
algorithms was not feasible within the constraints of the pilot testbed, which operated on uniform OCP servers
integrated into a building thermal grid. Therefore, we used random allocation as the baseline case to demonstrate
impact of the proposed approach in terms of waste heat recovery. The MOTA integrates a validated multi-
region CHT model with an FTE framework to maximize waste heat recovery at the building integration level.
Unlike conventional thermal-aware scheduling methods that focus on balancing chips or inlet temperatures, the
MOTA directly optimizes server outlet temperatures, which are the critical drivers for improving heat exchanger
effectiveness and increasing return water temperature. This design enables not only more accurate prediction of
thermal interactions within the rack but also tangible gains in waste heat utilization for secondary energy use
in buildings.

Real-world applicability, computational cost and limitations

The MOTA improves waste-heat recovery and reduces cooling load, but its deployment in real-world systems
may involve trade-offs due to facts that some jobs could experience slight slowdowns, hardware may be exposed
to greater thermal cycling, and network traffic can increase if workloads are not co-located. These risks can be
mitigated by limiting workload migrations, favoring rack-local placement, and operating MOTA as an advisory
layer to existing schedulers, thereby preserving thermal gains while protecting performance, service-level
agreements, and equipment reliability.

The present study was conducted on a single-rack micro data center with homogeneous air-cooled servers
under fixed experimental conditions. While this configuration provided a controlled environment to demonstrate
feasibility, the MOTA is also applicable to larger and more diverse facilities, including those with heterogeneous
server clusters and latency-sensitive workloads. In such environments, workload allocation must jointly consider
thermal efficiency, performance heterogeneity, and service level agreement compliance. Extending MOTA
to these scenarios may require multi-objective optimization frameworks, integration of predictive models of
heterogeneous server behavior, and coupling with cooling models that account for liquid-based technologies.
Future work will focus on adapting and validating the algorithm under such broader configurations to ensure
scalability and practical applicability across different data center architectures.

All numerical simulations in this study were performed using the open-source CFD software OpenFOAM.
The multi-region CHT model developed for air-water heat transfer was executed with parallel computing on
servers located at the Empa Data Center. These servers are equipped with dual-socket Intel” Xeon™ E5-2680 v4
processors (2.40 GHz), providing 56 logical CPUs (2 x 28 cores with hyper-threading enabled) and 70 MB shared
L3 cache, supported by 256 GB DDR4 RAM. Approximately 4 GB of memory was utilized during CHT runs. The
runtime overhead of the MOTA workload allocation algorithm was negligible compared to the computational
demand of the CFD simulations, with allocation decisions completed within a few seconds on this hardware.

Conclusion

In this study, a novel approach was proposed for the maximization of waste heat recovery from a building
integrated edge data center. For a given workload, the proposed MOTA approach can optimize workload
distribution using the FTE method to ensure that the outlet temperature of each server is maximized within
the temperature limits outlined by the standards. To demonstrate performance of the proposed approach
compared to the conventional workload assignment strategy, a CHT model was developed in which flow and
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Fig. 10. Comparison of the (a) volume average water temperature in the MTG, (b) waste heat recovery from
the MTG and (c¢) maximum air temperature with difference percentage between MOTA and random IT
distributions.
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Fig. 11. Variations of cooling load with the IT load for various flow rates.

thermal characteristics of air and water regions are simulated separately, and the heat exchange between air
and water is calculated based on the energy balance without using empirical heat transfer coefficients. Cooling
coils were modeled as porous regions in the multi-region numerical model. Parameters of the cooling system
were determined from the experimental studies and implemented into the numerical model to enable realistic
simulations under various cooling settings in the present framework. A comparison of simulation results with
the experimental measurements under distinct IT and cooling scenarios confirms that the CHT model can
reliably calculate air temperatures within the data center and water temperatures at the coils. Following main
conclusions are drawn from this study:

(1) Compared with the randomly distributed workloads, the MOTA can improve waste heat recovery by up to
17.1% and reduce the cooling load transferred to the cooling system by up to 53.2%.

The MOTA effectively increases return temperatures and reduces the energy required for additional tem-
perature boosts via heat pumps for domestic use. A higher return air temperature expands the temperature
differential between supply and return air. This broader temperature difference improves cooling unit effi-
ciency to remove more heat per unit of airflow.

The cooling system presented in this study offers a potential pathway for waste heat recovery from air-
cooled servers in edge data centers integrated with buildings.

2

3)

Simulations performed using a validated numerical model on a pilot data center demonstrate the potential of
the proposed tool for energy-efficient management of data centers within building energy systems and reducing
environmental footprint of data centers. This study is developed and demonstrated at a specific micro data center
configuration with predefined cooling system parameters and workload distributions. Future studies should
therefore focus on extending the applicability of the proposed methodology to larger-scale and heterogeneous
data center environments.

The validation was performed on a single-rack, homogeneous, air-cooled micro data center under fixed
operating conditions. Broader applicability to large-scale and heterogeneous server clusters, as well as to
alternative cooling technologies such as direct-to-chip liquid cooling, require further investigation. Additionally,
the runtime and computational overhead of the MOTA should be evaluated in more detail to confirm its
suitability for latency-sensitive edge computing environments. Future work will therefore focus on extending
the methodology to diverse hardware configurations and cooling technologies, integrating multi-objective
optimization to jointly consider thermal, energy and performance metrics.
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Data availability
All data generated or analysed during this study are included in this published article or available from the cor-
responding author on reasonable request.

Received: 12 July 2025; Accepted: 29 September 2025
Published online: 05 November 2025

Scientific Reports|  (2025) 15:38724 | https://doi.org/10.1038/s41598-025-22498-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

References

1.

Celik, A., Shihada, B. & Alouini, M. S. Wireless data center networks: Advances, challenges, and opportunities. ArXiv Preprint
https://arxiv.org/abs/1811.11717 (2018).

2. Simi¢, M., Proki¢, L, Dedeid, J., Sladi¢, G. & Milosavljevi¢, B. Towards edge computing as a service: dynamic formation of the micro
data-centers. IEEE Access. 9, 114468-114484. https://doi.org/10.1109/access.2021.3104475 (2021).

3. Le, N. T. et al. Survey of promising technologies for 5G networks. Mob. Inform. Syst. 2016 (1), 2676589. https://doi.org/10.1155/2
016/2676589 (2016).

4. Khalaj, A. H. & Halgamuge, S. K. A review on efficient thermal management of air-and liquid-cooled data centers: from chip to the
cooling system. Appl. Energy. 205, 1165-1188. https://doi.org/10.1016/j.apenergy.2017.08.037 (2017).

5. Murshed, S. S. & De Castro, C. N. A critical review of traditional and emerging techniques and fluids for electronics cooling.
Renew. Sustain. Energy Rev. 78, 821-833. https://doi.org/10.1016/j.rser.2017.04.112 (2017).

6. Akbarzadeh, M. et al. A comparative study between air cooling and liquid cooling thermal management systems for a high-energy
lithium-ion battery module. Appl. Therm. Eng. 198, 117503. https://doi.org/10.1016/j.applthermaleng.2021.117503 (2021).

7. Zhang, Z., Wang, X. & Yan, Y. A review of the state-of-the-art in electronic cooling. e-Prime-Advances in electrical engineering.
Electron. Energy. 1, 100009. https://doi.org/10.1016/j.prime.2021.100009 (2021).

8. Pathak, S. K. et al. A detailed review on the performance of photovoltaic/thermal system using various cooling methods. Sustain.
Energy Technol. Assess. 51, 101844. https://doi.org/10.1016/j.seta.2021.101844 (2022).

9. Ljungdahl, V., Jradi, M. & Veje, C. A decision support model for waste heat recovery systems design in data center and High-
Performance computing clusters utilizing liquid cooling and phase change materials. Appl. Therm. Eng. 201, 117671. https://doi.o
rg/10.1016/j.applthermaleng.2021.117671 (2022).

10. Yuan, X. et al. Waste heat recoveries in data centers: A review. Renew. Sustain. Energy Rev. 188, 113777. https://doi.org/10.1016/j.r
ser.2023.113777 (2023).

11. Yuan, X. et al. Design and validation of an airflow management system in data center with Tilted server placement. Appl. Therm.
Eng. 164, 114444 https://doi.org/10.1016/j.applthermaleng.2019.114444 (2020).

12. ASHRAE Technical Committee (TC) 9.9. Thermal guidelines for data processing environments: Expanded data center classes and
usage guidance (White paper). Mission Critical Facilities, Technology Spaces, and Electronic Equipment. (2011). Retrieved from
https://airatwork.com/wp-content/uploads/ ASHRAETC99.pdf

13. Covas, M. T, Silva, C. A. & Dias, L. C. Multicriteria decision analysis for sustainable data centers location. Int. Trans. Oper. Res. 20
(3), 269-299. https://doi.org/10.1111/j.1475-3995.2012.00874.x (2013).

14. Uddin, M. & Rahman, A. A. Energy efficiency and low carbon enabler green IT framework for data centers considering green
metrics. Renew. Sustain. Energy Rev. 16 (6), 4078-4094. https://doi.org/10.1016/j.rser.2012.03.014 (2012).

15. Techerati. Data centres use 18% of all electricity in Ireland. (2023). Retrieved from https://www.techerati.com/news-hub/data-cen
tres-ireland-electricity-consumption/ [accessed July 9, 2025].

16. Global Action Plan an inefficient truth. (2007). Retrieved from https://www.greenict.org.uk/sites/default/files/ An%20Inefficient%
20Truth%20-%20Executive%20Summary.pdf [accessed June 3, 2025].

17. Moazamigoodarzi, H. et al. Modeling temperature distribution and power consumption in IT server enclosures with row-based
cooling architectures. Appl. Energy. 261, 114355. https://doi.org/10.1016/j.apenergy.2019.114355 (2020).

18. Asgari, S. et al. A gray-box model for real-time transient temperature predictions in data centers. Appl. Therm. Eng. 185,116319. h
ttps://doi.org/10.1016/j.applthermaleng.2020.116319 (2021).

19. Almoli, A. et al. Computational fluid dynamic investigation of liquid rack cooling in data centres. Appl. Energy. 89 (1), 150-155.
https://doi.org/10.1016/j.apenergy.2011.02.003 (2012).

20. Moazamigoodarzi, H., Pal, S., Ghosh, S. & Puri, I. K. Real-time temperature predictions in it server enclosures. Int. J. Heat Mass
Transf. 127, 890-900. https://doi.org/10.1016/j.ijheatmasstransfer.2018.08.091 (2018).

21. Moazamigoodarzi, H., Pal, S., Down, D., Esmalifalak, M. & Puri, I. K. Performance of a rack mountable cooling unit in an IT server
enclosure. Therm. Sci. Eng. Progress. 17, 100395. https://doi.org/10.1016/j.tsep.2019.100395 (2020).

22. Ebrahimi, K,, Jones, G. F. & Fleischer, A. S. A review of data center cooling technology, operating conditions and the corresponding
low-grade waste heat recovery opportunities. Renew. Sustain. Energy Rev. 31, 622-638. https://doi.org/10.1016/j.rser.2013.12.007
(2014).

23. Agostini, B. et al. State of the Art of high heat flux cooling technologies. Heat Transfer Eng. 28 (4), 258-281. https://doi.org/10.108
0/01457630601117799 (2007).

24. Leonard, P. L. & Phillips, A. L. The thermal bus Opportunity-A quantum leap in data center cooling potential. ASHRAE Trans. 111
(2). https://doi.org/10.63044/w24jan126 (2005).

25. Ganapati, P. Water-Cooled Supercomputer Doubles as Dorm Space Heater. (2009). Retrieved from https://www.wired.com/2009/
06/ibm-supercomputer/ [accessed July 9, 2025].

26. Deymi-Dashtebayaz, M. & Valipour-Namanlo, S. Thermoeconomic and environmental feasibility of waste heat recovery of a data
center using air source heat pump. J. Clean. Prod. 219, 117-126. https://doi.org/10.1016/j.jclepro.2019.02.061 (2019).

27. Yuan, X. et al. Data center waste heat for district heating networks: A review. Renew. Sustain. Energy Rev. 219, 115863. https://doi.
0rg/10.1016/j.rser.2025.115863 (2025).

28. Huang, P. et al. A review of data centers as prosumers in district energy systems: renewable energy integration and waste heat reuse
for district heating. Appl. Energy. 258, 114109. https://doi.org/10.1016/j.apenergy.2019.114109 (2020).

29. Zhang, C., Luo, H. & Wang, Z. An economic analysis of waste heat recovery and utilization in data centers considering
environmental benefits. Sustainable Prod. Consum. 31, 127-138. https://doi.org/10.1016/j.spc.2022.02.006 (2022).

30. Lu, X, Lu, T. & Zhang, Q. Optimizing Data Center Waste Heat Reuse: Case Studies and Environmental Implications. In
International Renewable Energy Storage and Systems Conference (pp. 65-71). Atlantis Press. (2024). https://doi.org/10.2991/97
8-94-6463-455-6_8

31. Ge, Z. et al. Multi-objective optimization and benefit evaluation of heat pump system for tobacco drying using waste heat from
data center. J. Clean. Prod. 448, 141623. https://doi.org/10.1016/j.jclepro.2024.141623 (2024).

32. Wang, S., Xiang, D., Zhong, W,, Lin, X. & Chen, S. A multi-objective bilevel planning for data center integrated energy systems with
waste heat utilization. Energy 137934 https://doi.org/10.1016/j.energy.2025.137934 (2025).

33. Miskic, J., Doroti¢, H., Puksec, T., Soldo, V. & Dui¢, N. Optimization of data centre waste heat integration into the low-temperature
district heating networks. Optim. Eng. 25 (1), 63-91. https://doi.org/10.1007/s11081-023-09837-5 (2024).

34. Nada, S. A, Said, M. A. & Rady, M. A. CFD investigations of data centers’ thermal performance for different configurations of
CRAC:s units and aisles separation. Alexandria Eng. J. 55 (2), 959-971. https://doi.org/10.1016/j.2¢j.2016.02.025 (2016).

35. Cho, J., Woo, ], Park, B. & Lim, T. A comparative CFD study of two air distribution systems with hot aisle containment in high-
density data centers. Energies 13 (22), 6147. https://doi.org/10.3390/en13226147 (2020).

36. Onyiorah, C., Eiland, R., Agonafer, D. & Schmidt, R. Effectiveness of rack-level containment in removing data center hot-spots.
In Fourteenth Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm) (pp. 798-
806). IEEE. (2014)., May https://doi.org/10.1109/itherm.2014.6892363

37. Tang, Q., Mukherjee, T., Gupta, S. K. & Cayton, P. Sensor-based fast thermal evaluation model for energy efficient high-performance
datacenters. In 2006 Fourth international conference on intelligent sensing and information processing (pp. 203-208). IEEE.
(2006)., October https://doi.org/10.1109/icisip.2006.4286097

Scientific Reports|  (2025) 15:38724 | https://doi.org/10.1038/s41598-025-22498-x nature portfolio


https://arxiv.org/abs/1811.11717
https://doi.org/10.1109/access.2021.3104475
https://doi.org/10.1155/2016/2676589
https://doi.org/10.1155/2016/2676589
https://doi.org/10.1016/j.apenergy.2017.08.037
https://doi.org/10.1016/j.rser.2017.04.112
https://doi.org/10.1016/j.applthermaleng.2021.117503
https://doi.org/10.1016/j.prime.2021.100009
https://doi.org/10.1016/j.seta.2021.101844
https://doi.org/10.1016/j.applthermaleng.2021.117671
https://doi.org/10.1016/j.applthermaleng.2021.117671
https://doi.org/10.1016/j.rser.2023.113777
https://doi.org/10.1016/j.rser.2023.113777
https://doi.org/10.1016/j.applthermaleng.2019.114444
https://airatwork.com/wp-content/uploads/ASHRAETC99.pdf
https://airatwork.com/wp-content/uploads/ASHRAETC99.pdf
https://doi.org/10.1111/j.1475-3995.2012.00874.x
https://doi.org/10.1016/j.rser.2012.03.014
https://www.techerati.com/news-hub/data-centres-ireland-electricity-consumption/
https://www.techerati.com/news-hub/data-centres-ireland-electricity-consumption/
https://www.greenict.org.uk/sites/default/files/An%20Inefficient%20Truth%20-%20Executive%20Summary.pdf
https://www.greenict.org.uk/sites/default/files/An%20Inefficient%20Truth%20-%20Executive%20Summary.pdf
https://doi.org/10.1016/j.apenergy.2019.114355
https://doi.org/10.1016/j.applthermaleng.2020.116319
https://doi.org/10.1016/j.applthermaleng.2020.116319
https://doi.org/10.1016/j.apenergy.2011.02.003
https://doi.org/10.1016/j.ijheatmasstransfer.2018.08.091
https://doi.org/10.1016/j.tsep.2019.100395
https://doi.org/10.1016/j.rser.2013.12.007
https://doi.org/10.1080/01457630601117799
https://doi.org/10.1080/01457630601117799
https://doi.org/10.63044/w24jan126
https://www.wired.com/2009/06/ibm-supercomputer/
https://www.wired.com/2009/06/ibm-supercomputer/
https://doi.org/10.1016/j.jclepro.2019.02.061
https://doi.org/10.1016/j.rser.2025.115863
https://doi.org/10.1016/j.rser.2025.115863
https://doi.org/10.1016/j.apenergy.2019.114109
https://doi.org/10.1016/j.spc.2022.02.006
https://doi.org/10.2991/978-94-6463-455-6_8
https://doi.org/10.2991/978-94-6463-455-6_8
https://doi.org/10.1016/j.jclepro.2024.141623
https://doi.org/10.1016/j.energy.2025.137934
https://doi.org/10.1007/s11081-023-09837-5
https://doi.org/10.1016/j.aej.2016.02.025
https://doi.org/10.3390/en13226147
https://doi.org/10.1109/itherm.2014.6892363
https://doi.org/10.1109/icisip.2006.4286097
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

38. Tang, Q., Gupta, S. K., Stanzione, D. & Cayton, P. Thermal-aware task scheduling to minimize energy usage of blade server based
datacenters. In 2006 2nd IEEE International Symposium on Dependable, Autonomic and Secure Computing (pp. 195-202). IEEE.
(2006)., September https://doi.org/10.1109/dasc.2006.47

39. Bai, Y. & Gu, L. Chip temperature-based workload allocation for holistic power minimization in air-cooled data center. Energies 10
(12), 2123. https://doi.org/10.3390/en10122123 (2017).

40. ECO-Qube. (2020). https://www.ecoqube.org/

41. HEATWISE. (2024). https://heatwise.eu/

42. Brazil, B. Prometheus:Up & Running: Infrastructure and Application Performance Monitoring (O’Reilly Media, 2018).

43. Yadav, G. & Paul, K. Architecture and security of SCADA systems: A review. Int. J. Crit. Infrastruct. Prot. https://doi.org/10.1016/j
.ijcip.2021.100433 (2021).

44. ., Penkov St, Taneva, A. & Petrov, M. On-line Monitoring System with LoRaWAN. IFAC-PapersOnLineVolume 52(25), 2019,
533-538. (2019). https://doi.org/10.1016/j.ifacol.2019.12.600

45. Wan, ], Gui, X,, Kasahara, S., Zhang, Y. & Zhang, R. Air flow measurement and management for improving cooling and energy
efficiency in raised-floor data centers: A survey. IEEE Access. 6, 48867-48901. https://doi.org/10.1109/access.2018.2866840 (2018).

46. Katal, A., Dahiya, S. & Choudhury, T. Energy efficiency in cloud computing data centers: a survey on software technologies. Cluster
Comput. 26 (3), 1845-1875. https://doi.org/10.1007/s10586-022-03713-0 (2023).

47. Pourahmad, S. & Pesteei, S. M. Effectiveness-NTU analyses in a double tube heat exchanger equipped with wavy strip considering
various angles. Energy. Conv. Manag. 123, 462-469. https://doi.org/10.1016/j.enconman.2016.06.063 (2016).

48. Kuzay, M. et al. Retrofitting of an air-cooled data center for energy efficiency. Case Studies Therm. Engineering. 36, 102228. https:/
/doi.org/10.1016/j.csite.2022.102228 (2022).

49. Dogan, A,, Yilmaz, S., Kuzay, M. & Demirel, E. Development and validation of an open-source CFD model for the efficiency
assessment of data centers. Open. Res. Europe. 2, 41 (2022).

50. Kuzay, M., Yilmaz, S. & Demirel, E. Dynamic cooling of an air-cooled data center under transient workloads. Version 1; Zenodo:
Cern, Switzerland, 2023. (2023). https://doi.org/10.5281/zenodo.8256676

51. Wilcox, D. C. Formulation of the k-w turbulence model revisited. AIAA J. 46, 2823-2838. https://doi.org/10.2514/1.36541 (2008).

52. Parida, P. R. et al. Thermal model for embedded two-phase liquid cooled microprocessor. In Proceedings of the 2017 16th IEEE
Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (Itherm), Orlando, FL, USA, 30
May-2 June (2017). https://doi.org/10.1109/itherm.2017.7992508

53. OpenFOAM. User Guide. Available: https://doc.cfd.direct/openfoam/user-guide-v11/index

54. Jasak, H., Aleksandar, J., Zeljko, T. & OpenFOAM A C++library for complex physics simulations. In Proceedings of the
International Workshop on Coupled Methods in Numerical Dynamics, Dubrovnik, Croatia, 19-21 September 2007.

55. Dogan, A. et al. Conjugate heat transfer modeling of a cold plate design for Hybrid-Cooled data centers. Energies 16 (7), 3088.
https://doi.org/10.3390/en16073088 (2023).

56. Zhang, W.,, Zhang, Z., Zeadally, S., Chao, H. C. & Leung, V. C. Energy-efficient workload allocation and computation resource
configuration in distributed cloud/edge computing systems with stochastic workloads. IEEE J. Sel. Areas Commun. 38 (6), 1118-
1132. https://doi.org/10.1109/JSAC.2020.2986614 (2020).

57. Arabas, P. & Niewiadomska-Szynkiewicz, E. Energy-efficient workload allocation in distributed HPC system. In 2019 International
Conference on High Performance Computing & Simulation (HPCS) (pp. 747-753). IEEE. (2019)., July https://doi.org/10.1109/HP
C$48598.2019.9188240

58. Abbasi, M., Yaghoobikia, M., Rafiee, M., Jolfaei, A. & Khosravi, M. R. Energy-efficient workload allocation in fog-cloud based
services of intelligent transportation systems using a learning classifier system. IET Intel. Transport Syst. 14 (11), 1484-1490.
https://doi.org/10.1049/iet-its.2019.0783 (2020).

59. Chaudhry, M. T, Ling, T. C., Manzoor, A., Hussain, S. A. & Kim, ]. Thermal-aware scheduling in green data centers. ACM Comput.
Surv. (CSUR). 47 (3), 1-48. https://doi.org/10.1145/2678278 (2015).

60. Lee, Y, Shin, K. G. & Chwa, H. S. Thermal- Aware scheduling for integrated CPUs-GPU platforms. ACM Trans. Embedded Comput.
Syst. (TECS). 18 (5s), 1-25. https://doi.org/10.1145/3358235 (2019).

61. Choi, J. et al. Thermal-aware task scheduling at the system software level. In Proceedings of the 2007 international symposium on
Low power electronics and design (pp. 213-218). (2007)., August https://doi.org/10.1145/267827

Author contributions

All authors have read and approved the final manuscript. M.K.: Software, Investigation, Data Curation, Writ-
ing—Original draft preparation, Review & Editing, Conceptualization. E.D.: Software, Investigation, Data cura-
tion, Writing—Original draft preparation, Review & Editing, Conceptualization. C.Y.: Data collection, Review &
Editing. B.P.C.: Data collection, Review & Editing. P.H.: Data collection, Review & Editing.

Fundin

This reseagrch is part of the HEATWISE project that has received funding from the European Union’s Horizon
Europe research and innovation programme under Grant Agreement for Project No 101138491 and the Swiss
Secretariat for Education, Research, and Innovation (SERI) under contract No 23.00606. Views and opinions
expressed are, however, those of the author(s) only and do not necessarily reflect those of the European Union,
CINEA, or SERI. Neither the European Union nor the granting authorities can be held responsible for them.
Additionally, this paper was supported by the outcomes of the ECO-Qube project under grant agreement No
956059, which provided additional insights and data crucial for the research.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2025) 15:38724 | https://doi.org/10.1038/s41598-025-22498-x nature portfolio


https://doi.org/10.1109/dasc.2006.47
https://doi.org/10.3390/en10122123
https://www.ecoqube.org/
https://heatwise.eu/
https://doi.org/10.1016/j.ijcip.2021.100433
https://doi.org/10.1016/j.ijcip.2021.100433
https://doi.org/10.1016/j.ifacol.2019.12.600
https://doi.org/10.1109/access.2018.2866840
https://doi.org/10.1007/s10586-022-03713-0
https://doi.org/10.1016/j.enconman.2016.06.063
https://doi.org/10.1016/j.csite.2022.102228
https://doi.org/10.1016/j.csite.2022.102228
https://doi.org/10.5281/zenodo.8256676
https://doi.org/10.2514/1.36541
https://doi.org/10.1109/itherm.2017.7992508
https://doc.cfd.direct/openfoam/user-guide-v11/index
https://doi.org/10.3390/en16073088
https://doi.org/10.1109/JSAC.2020.2986614
https://doi.org/10.1109/HPCS48598.2019.9188240
https://doi.org/10.1109/HPCS48598.2019.9188240
https://doi.org/10.1049/iet-its.2019.0783
https://doi.org/10.1145/2678278
https://doi.org/10.1145/3358235
https://doi.org/10.1145/267827
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2025) 15:38724 | https://doi.org/10.1038/s41598-025-22498-x nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Maximizing waste heat recovery from a building-integrated edge data center
	﻿Configuration of the data center
	﻿Experimental characterization of the cooling system
	﻿Modeling flow rate of water
	﻿Modeling flow rate of air
	﻿Modeling heat transfer through cooling coils
	﻿Fast evaluation of thermal field
	﻿Numerical modeling of data center
	﻿Governing equations
	﻿Mesh and boundary conditions

	﻿Results and discussion
	﻿Validation of the CHT model
	﻿Development of the MOTA
	﻿Real-world applicability, computational cost and limitations

	﻿Conclusion
	﻿References


