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ABSTRACT

Data centers (DCs) serve as vital infrastructure of the
global digital economy, accompanied by explosive
growth in computing demand, massive energy
consumption, and intensive carbon emissions. Currently,
existing DC energy systems struggle to synergistically
improve  operational economy, environmental
performance and energy efficiency while guaranteeing
stable service quality. Against global decarbonization
and China’s East Data, West Computing strategy, this
study constructs a solar-biomass integrated energy
system for a DC in Aksu, Xinjiang, exploiting local
abundant solar energy and cotton straw biomass
resources. The system integrates photovoltaic power
generation, biomass power units, proton exchange
membrane electrolysis, energy storage, hybrid cooling,
and green methanol synthesis for long-duration
hydrogen storage. Day-night differentiated operation
rules and flexible workload scheduling are adopted to
realize compute-power-cooling collaborative regulation.
Based on 8760-hour dynamic simulations, a surrogate
multi-objective optimization model is established to
optimize Energy Reuse Effectiveness (ERE), Average
Delay Rate (ADR) and unit area cost (ACTA). Results show
that the proposed system achieves PUE of 1.132, ERE of
1.082, ADR of 0.174 and ACTA of 149.44 S/m?. The
carbon utilization efficiency (CUE) is reduced by 29.05%
compared with conventional unscheduled scenarios.

Keywords: data centers, renewable energy resources,
integrated energy systems, "compute-power-cooling"
synergistic, multi-objective optimization.

NONMENCLATURE
Abbreviations
PV Photovoltaic
ECE External Combustion Engine

PEMWE Proton Exchange Membrane Water
Electrolyzer

AHP Absorption Heat Pump

EC Electric Chiller

ASU Air Separation Unit

cop Coefficient of performance
Symbols

Apy PV area

Bpnimax Max power of PEM electrolyzer

P Batter maximum power

Vaso, 0, tank volume

VmaxH2 H, tank volume

1. INTRODUCTION

Data centers (DCs) are considered a crucial resource
for global progress of digital industrialization [1].
However, as super energy-intensive sectors, DCs
currently consume 2% of the global total electricity, and
this share continues to grow, leading to rising carbon
emissions [2]. Faced with the dual challenges of high
energy consumption and high carbon emissions, it is
crucial to achieve an economic and green transition
whilst maintaining computing power.

Among various low-carbon and energy-efficient
technologies, workload migration is an exclusive
optimization approach for data centers (DCs) [3]. By
optimizing computing task allocation, it flexibly regulates
corresponding power and cooling demands, and enables
dynamic adaptation to the volatility of renewable
energy. On this basis, integrated energy systems (IESs)
coupling renewable energy deployment, workload
migration, energy storage units and high-efficiency
cooling systems, with cascaded energy utilization as the
core operation criterion, have become a promising
technical solution for the low-carbon and economic
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transition of DCs [4]. Moreover, such systems are highly
consistent with China’s national East Data, West
Computing strategic deployment.

Numerous studies have been conducted on the IES
design and optimization of DCs, as well as on workload
migration. However, inherent conflicts and mutual
constraints among energy, economic, and environmental
objectives pose a crucial challenge. Therefore, enhancing
overall performance of IESs under the premise of
ensuring DC service quality by system configuration
design and operation optimization remains a challenge.

Based on the above issue, this study proposes a
synergistic compute-power-cooling dispatch of a solar-
biomass IES for sustainable DC in Western China. The key
contributions of this study are:

(1) A solar-biomass IES and a computing-power-
cooling collaborative scheduling strategy for DC in
Western China are proposed for 8760h annual operation.

(2) A multi-objective  optimization model s
developed to select the optimize configuration of the
proposed system.

(3) A multi-dimensional and year-long evaluation of
the proposed system is conducted.

2. SYSTEM DESCRIPTION AND OPERATION STRATEGY
2.1 Overview of the proposed system

For a DC in Aksu, Xinjiang, China (40°17’N, 80°27’E),
a zero-carbon IES is proposed, whose configuration is
presented in Fig. 1. The proposed system comprises six
key components that function synergistically: (1) PV
panels and cotton stalks ECE for power supply and fossil
fuel reduction; (2) a cooling unit with dual AHPs and an
EC for cooling supply; (3) a battery for solar intermittency
mitigation and system stability enhancement; (4) a
PEMWE for high-purity hydrogen (Hz) and oxygen (O,)
production; (5) an ASU together with H, and O, storage
tanks enabling flexible gas supplementation; (6) a
methanol (CHsOH) synthesis unit for H, carrier storage
and internal carbon cycling to reduce emissions. The
proposed system generates power via PV for solar
energy and ECE for biomass utilization. Waste heat from
ECE and DC is recovered by AHP1 and AHP2 for cooling,
and EC is electrically driven for cooling supply. The
battery stores excess PV and ECE power and discharges
to supplement load demand. PEMWE driven by ECE and
PV generation produces H; and O,. O; is used for ECE oxy-
combustion to obtain high-purity CO5, and H; reacts with
CO; to synthesize CHsOH. Surplus H; and O; are stored in
tanks. ASU powered by PV, ECE, battery and grid
provides auxiliary O, supply.
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Fig. 1 Configuration of the proposed system.
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Fig. 2 Hourly DC cooling and electricity loads
variations.

Computing tasks are classified according to their
delay tolerance. The initial set of tasks comprises DO, D2
and D4, where Dn denotes a workload that can be
delayed by n hours. During hourly workload scheduling,
tasks categories are expanded to five levels from DO, D1,
D2, D3 and DA4. The relationship between computing
tasks quantity, electrical and cooling loads are
established by server utilization, server power
consumption and IT energy demand [5].

The hourly loads variations are demonstrated in Fig.
2. Electricity demand peaks occur at 5:00, 11:00, 16:00
and 19:00, with the maximum value of 1442.33 kW
occurring at 11:00. Daytime loads are generally higher
than nighttime, coinciding with working hours. Cooling
load is more dependent on IT equipment operating
conditions rather than outdoor ambient, thus fluctuates
in accordance with electricity loads.

2.2 Operation strategy



During periods of PV generation, ECE operating at
minimum load (set of 30%). When meeting electricity
demand, priority is given to PV and SE, followed by the
combined heat and power system to make up any
shortfall, then battery discharge. If this is still insufficient,
the remaining electricity is supplied by the grid. When
workload migration, D4 tasks are transferred first, then
D3, D2 and D1. DO is delay-sensitive thus cannot be
transferred. Cooling requirements are met by waste heat
from ECE and DC via AHP1 and AHP2, with shortages
covered by EC. EC is driven primarily by PV and SES
generation  after  satisfying  electricity loads,
supplemented by grid power when deficient. After loads
satisfaction, surplus power is sequentially allocated to
ASU for O; tank replenishment, battery charging,
PEMEW operation, and CHsOH synthesis. Excess O; from
ECE oxy-combustion and residual H, from CHsOH
production are stored in dedicated tanks.

During periods without PV generation, ECE operating
at 30% load when battery power is available for
discharge, and increases its load once battery discharge
is unavailable. PEMEW is shut down, ASU is driven by grid
power, and stored H; is utilized for CH;OH production.
Workload migration is only implemented toward periods
with PV generation or lower grid electricity prices.

3. METHODS
3.1 Models of the proposed system

Table 1. normal parameters for the system

CH30H production =14.47 t/MWh
CO; consumption =19.9 t/MWh

Table 2. Parameters settings

Parameters Value Parameters Value
T 25°C | 55 kw
8.064x1073
P
g 0-125 s mol/(h-kw)
H 5x10%°C COP’® 4
a COPAIIPZ .
ot =0.81 ¢ 0.72
T Ciseha 0.40
28.8
U, .
3% W/(m2-°C) Cera 0.20
socr 0.20 Tt 0.95
socy 0.90 That 0.95

Component Models Ref
rYnh +GHI[(az)~n, - uT;]
o U,, — uGHI
PV [6]

oy =17, — (T, = T})
Ow =GHI4y, By = Opyley

1
H0>H, -0, Ry, =J-VOP

PEMWE [7]
VOP = E + 1egn + Tatc + Tacta + Mot
B = (=10 By + By s — B [ Thes™
Battery S0C,, =E,,/ E:om,hm '/ 0< E:’,f, < Eps (8]
O< Bl That < Bt
EZ’J‘&‘; = E ot * Saischa E:::ﬁmax =E e " Seta
ECE Focr = XpcePecrma
ASU P = Mg, Pysue [9]
EC QF¢ = p*°cop* [10]
AHP1: ™" =0 COPM™
AHP AHP2:QV™ =0 COP'™ [11]
COPM™ =1.45x,* —3.97x,,> +3.82x,0, —0.04
CHsOH 3H, +CO, - CH,OH + H,0

[12]

synthesis Specific H, consumption =2.72 t/MWh

3.2 Evaluation criteria

The performance of the proposed system is
evaluated based on the following criteria.
(1) Average delay rate (ADR):

>0

ADR = k2 (1)
Q
D
9 — k.R
¢ Dk.d (2)

where 6, is the delay rate of workload k. It is the ratio
of response time D, , to delayable time D, ,. N, is
the total number of workloads and Q is the set of all
workloads.

(2) Power Usage Effectiveness (PUE)

Pr+ P, + P,
PUE — 1T cooling light (3)

IT

P are power consumption of

where B, , P

cooling 7
IT equipment, cooling equipment, and lighting
equipment, respectively.

(3) Energy Reuse Effectiveness (ERE)

ERE = P]T + Rooling + P]ight - Qrcusc
By

where Q_.. isthe recovered waste heat of DC.
(4) Carbon Usage Effectiveness (CUE)

(4)

m
CUE=—> (5)

1T

where mg, represent annual carbon emissions of the

proposed system.
(5) Average Cost per unit Area (ACTA)
. . N
i-(i+1)
i+1)" -1
A

+C ... TC..qa-C.

main feed sell (6)
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PV



Cinv = CPV + CPEM + CEC + CECE + CBat + CMeOH (7)
+C‘AHP + CO:mnk + CH:tunk

G :O'Oz(CPEM + Co21ank + CHzmnk +Coy + Cyeon ) (8)

main

Cfeed = Cbiomass + CHZO (9)
8760

Csell = Z (I/VH2 (t) + WMeOH (t) + VVesale (t) - VVebuy (t)) (10)

where i istheinterestrate (setas8%); N isthe plant
life (set as 25 vyears); C,,6 is the investment of
equipment; C_. is the maintenance costs; C,,,
presents the feedstock costs, including cotton stalks and

H,O; C_, is defined as the annual revenue, and it was

sell

calculated as the total income from H,, electricity and
CH3OH sales minus the cost of grid power purchase.

3.3 Optimization method

The decision variables x and its search range can
be defined by:

x=|:APV’PPEMmax9PBatmax’Vmasz ’Vmatz :| (11)
5000 < Ay, <20000,500 < Py, <1500,
500 < Fyymax <2000,50 <V, <500, (12)

500<V, <1500

maxy,

We simultaneously balance renewable energy input
scale, energy utilization efficiency and economic cost,
and thus the objective function Ob is defined as
formula (13).

Ob =min{ERE, ADR, ACTA} (13)

To achieve optimal sizing, a surrogate-assisted multi-
objective optimization framework is established. We
develop a surrogate model via Artificial Neural Network
(ANN), and use the NSGA-lIl to implement the
optimization task, and identify an optimal solution from
the Pareto set using the Entropy-TOPSIS method.

4. RESULTS AND DISCUSSION
4.1 Optimization results

The Pareto front and an ideal solution selected by
Entropy-TOPSIS method is illustrated in Fig. 3. In our
case, the optimal configuration parameters are 4,,

=17933.56 m?, P, =956.52 kW, P, =1031.42

PEMmax Batmax

kW, V., =258.84 m3, V =1052.04 m3. Under the

maxy

optimized configuration, the performance of the
proposed system is presented in Table 3.
Table 3. Parameters settings
Evaluation criteria Value
ADR 0.174
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Fig. 3 Outcomes of NSGA-II-based Pareto
optimization and ideal solution selected by Entropy-

TOPSIS method.
PUE 1.132
ERE 1.082
CUE 0.025
ACTA 149.44 S/m?

4.2 Performance analysis of the proposed system

A benchmark scheme of identical configuration
without workload scheduling is established for
comparison, which directly purchases grid power instead
of workloads transfer. The monthly variations in energy
consumption, waste heat utilization, PUE and ERE for
both schemes are illustrated in Fig. 4.

The ERE of the proposed scheme ranges from 1.066
(June) to 1.092 (October), whereas the benchmark
scheme achieves a minimum ERE of 1.086 (June) and a
maximum of 1.103 (December). The favorable ERE in
June can be attributed to large cooling demands under
high ambient temperatures. Furthermore, the adopted
workload transfer strategy prioritizes migrating
computing tasks to summer renewable peaks. More
dispatched tasks promote greater recyclable waste heat
generation, which reaches its annual peak of 52253.24
kW in June. Workload scheduling enhances server cluster
utilization at moments with sufficient PV output and low
electricity prices, resulting in increased IT equipment
energy consumption, since the monthly IT energy
consumption of the proposed scheme is on average
135377 kW higher than that of the benchmark scheme.
Meanwhile, sufficient stable waste heat under high load
improves heat recovery. Consequently, the proposed
scheme has a lower annual ERE throughout the year.
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Fig. 4 Monthly variations in DC energy consumption
and waste heat utilization, with PUE and ERE for (a)
the proposed scheme, (b) the benchmark scheme.

The benchmark scheme maintains a stable monthly
PUE of 1.158 due to its constant IT load, while the
proposed scheme improves server utilization and dilutes
auxiliary power loss via workload transferring, thereby
achieving a lower annual PUE of 1.132, with monthly
peaks of 1.138 in April and 1.131 in December.
Additionally, the annual CUE of the benchmark scheme
is 0.0353, which is 29.05% higher than that of the
proposed scheme. This is attributed to abundant
photovoltaic generation enabled by workload migration,
which effectively mitigates grid-related carbon
emissions.

The workloads arriving at the data center are shown
in Fig. 5(a), and Figs. 5(b) and 5(c) exhibit the workloads
transferring performance of a typical summer and winter
day, respectively. Workload migration time on both
typical summer and winter days coincides with the onset
of PV generation and fluctuations in grid electricity
prices. On a typical summer day, the workload migration
mainly occurs during 5:00-7:00 and 19:00-22:00. Owing

to abundant solar irradiation during daytime in summer,
PV generation is sufficient to meet all electrical loads.
Thus, the workload scheduling is unnecessary. On a
typical winter day, the workload migration takes place
during 8:00-10:00 and 16:00-19:00, owing to the
shortened duration of PV generation in winter. The peak
migrated load is scheduled at 6:00 on a typical summer
day, aligning with the onset of PV generation. On a
typical winter day, the peak load is shifted to 19:00, as
grid tariffs increase from $0.0625 to $0.1025 after 20:00.

5. CONCLUSIONS

To alleviate the challenge of achieving favorable
environmental, energy and economic performance in DC
energy systems on the premise of ensuring computing
output efficiently, this study develops a synergistic
compute-power-cooling dispatch of a solar-biomass IES.
A multi-objective optimization model is established to
optimize the system configuration. The main conclusions
are summarized as follows:

(1) The challenge of balancing conflicting
performance metrics is alleviated by rational system
design and operation strategy. The proposed system
integrates solar conversion, oxy-combustion, waste heat
recovery, efficient carbon recovery and utilizing, and
production and sale of CH3OH, H, and electricity to
alleviate the challenges posed by low energy efficiency,
high fossil fuel dependence, carbon emissions,
substantial capital investment.

(2) The comprehensive performance advantages
of the proposed system and its computing-power-
cooling collaborative scheduling strategy are evaluated
under identical inputs. The proposed strategy achieves a
PUE of 1.132, an ERE of 1.082, an ADR of 0.174, an ACTA
of 149.44 $/m?, with a 29.05% reduction in CUE
compared with the unscheduled scheme.

(3) Analysis of a typical day shows that, through load
management, the daily peak load in summer is shifted to
06:00, whilst in winter it is shifted to 19:00. This aligns
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with the characteristics of PV generation and
fluctuations in grid electricity prices.
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